Radio-polarimetric observations of gravitational lenses by Mitra, Modhurita
c© 2012 by Modhurita Mitra. All rights reserved.
RADIO-POLARIMETRIC OBSERVATIONS
OF GRAVITATIONAL LENSES
BY
MODHURITA MITRA
DISSERTATION
Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy in Astronomy
in the Graduate College of the
University of Illinois at Urbana-Champaign, 2012
Urbana, Illinois
Doctoral Committee:
Associate Professor Athol J. Kemball, Chair and Director of Research
Emeritus Professor Richard M. Crutcher
Associate Professor Leslie W. Looney
Associate Professor Edmund C. Sutton
Abstract
The goals of this thesis were to study the observational radio-polarimetric properties of
gravitational lens systems. Such studies can constrain lensed source properties, propagation
effects in the intervening lensing galaxies, and the general-relativistic invariance of polar-
ization under lensing. We performed high dynamic-range VLBI imaging polarimetry of the
gravitational lens system B0218+357 at 43 GHz, and further VLBI observations of this sys-
tem in the frequency range 8 GHz - 43 GHz. Further analysis included a low-frequency VLA
study of the gravitational lens system B0218+357 over the frequency range 330 MHz - 5
GHz. We also studied the VLA polarization morphology of a sample of gravitational lens
systems over the frequency range 1.5 MHz - 43 GHz, and used contemporary algorithms to
estimate rotation measure values of the lens sample. In addition, we proposed a framework
for evaluating the performance of fringe-fit methods in the low SNR regime using bootstrap
resampling.
Our 43 GHz maps of B0218+357 provide the highest-resolution constraints on the de-
tailed polarization morphology of the background source to date, confirm parity reversal in
polarization structure predicted by gravitational lensing theory, and verify the invariance of
polarization properties under gravitational lensing. We present absolute rotation measures,
lensing galaxy magnetic field estimates, and the fractional linear polarization distribution
for our lensing population sample. We propose a new explanation for the earlier puzzling
radial polarization structure in the Einstein ring in B0218+357. In closing, we verify that
bootstrap resampling is an effective framework for assessing the performance of fringe-fitting
estimators as needed in millimeter-wavelength VLBI.
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Chapter 1
Introduction
This chapter includes background material relevant to the thesis research in both science
and technique, specifically summarizing the current state of research and the literature for
radio-polarimetric Very Long Baseline Interferometry (VLBI) of gravitational lenses, with a
special focus on the primary source in this thesis, B0218+357.
1.1 Basic Theory of Gravitational Lensing
Bending of light by a massive object is known as gravitational lensing. In this section, we
discuss the basic theory of gravitational lensing, as it relates to the research presented in
this thesis. General reviews are provided by Schneider et al. (1992), Meylan et al. (2006),
Narayan and Bartelmann (1996), and Blandford and Narayan (1992).
The general lensing situation is illustrated in Figure 1.1, as adapted from Schneider et al.
(1992). The source S lies in the source plane Ss, and the lens (or deflector) with center L
lies in the lens plane Sd. Quantities Ds, Dd, and Dds are the distances between the observer
and source, observer and lens, and lens and source, respectively. The observer O would have
observed the source at the angular position β in the absence of the lens. Due to lensing, it
is observed at angular position θ. The light ray is bent by an angle α, called the bend angle,
by the lens. The line OLN is called the optical axis of the lens. ξ is the position of the
image in the lens plane, and η is the position of the source in the source plane.
A point source is known as a Schwarzschild lens (Schneider et al., 1992). The bend angle
for a Schwarzschild lens of mass M is given by (e.g., Misner et al. (1973))
1
Ds
Dds
Dd
Ss
Sd
So
β
θ
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SN
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α
ξ
η
Figure 1.1: Geometry of gravitational lensing. S, L and O are the source, lens and observer
respectively (after Schneider et al. (1992)).
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α =
4GM
c2ξ
(1.1)
where G is the gravitational constant and c is the speed of light.
For a general lens, by simple geometry, it can be shown (Schneider et al., 1992)
β = θ − Dds
Ds
α(ξ) (1.2)
This can also be written as (Schneider et al., 1992)
η =
Ds
Dd
ξ −Ddsα(ξ) (1.3)
Equations (1.2) and (1.3) are two forms of the lens equation.
Gravitational lensing does not affect surface brightness, i.e., the surface brightness of
an image is identical to the surface brightness of the source in the absence of lensing
(Narayan and Bartelmann, 1996). The magnification factor or magnification ratio µ is de-
fined as the ratio of the flux of an image to the flux of the source in the absence of lensing
(Schneider et al., 1992). Due to conservation of surface brightness, this ratio for an infinites-
imal source is simply given by the ratio of the corresponding solid angles (Schneider et al.,
1992)
µ =
∆ω
(∆ω)0
, (1.4)
where ∆ω is the solid angle subtended by the image and (∆ω)0 is the solid angle that would
be subtended by the source in the absence of the lens. This is illustrated in Figure 1.2.
Let an infinitesimal source at position angle β subtend a solid angle (∆ω)0 in the absence
of lensing, and let ∆ω be the solid angle subtended by an image at position angle θ. Then
the relation between these two solid angles is determined by the Jacobian matrix of the lens
mapping θ → β given by the lens equation (Equation (1.2)) (Schneider et al., 1992):
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Figure 1.2: Illustration of magnification ratio in gravitational lensing. AS and AL are the
areas spanned by the source and the image respectively, and (∆ω)0 = AS/D
2
S and ∆ω =
AL/D
2
L are the corresponding solid angles subtended by the source and the image. (Figure
2.3 from Schneider et al. (1992))
(∆ω)0
∆ω
=
∣∣∣∣∂β∂θ
∣∣∣∣ = ASAL
(
Dd
Ds
)2
(1.5)
where AS and AL are the areas spanned by the source and the lens respectively.
From Equations (1.4) and (1.5), the magnification factor is
µ =
∣∣∣∣det∂β∂θ
∣∣∣∣
−1
(1.6)
If the determinant of the Jacobian matrix for an image is positive, the image is said to have
positive parity. If the determinant is negative, the image has negative parity (Schneider et al.,
1992). The parity determines the orientation of an image with respect to the source
(Narayan and Bartelmann, 1996).
Regions in the lens plane where the determinant of the Jacobian matrix has opposite
signs are separated by curves where the determinant vanishes. Such curves are known as
critical curves (Meylan et al., 2006). The magnification factor diverges on these curves. The
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curves in the source plane corresponding to the critical curves under the lens mapping given
by Equation (1.2) are known as caustics. Sources near caustics in the source plane have very
bright images in the lens plane since the magnification factor is very large for such images.
A lens model is a description of the mass distribution in a lens. It is used to calculate the
bend angle α(ξ) (Meylan et al., 2006). Using this value of the bend angle α(ξ) from the lens
model and the observed value of the angular position θ of the image, the unlensed angular
position β of the source can be calculated from Equation (1.2).
Gravitational lensing can be in three regimes - strong lensing, weak lensing andmicrolens-
ing (Meylan et al., 2006). In strong lensing, multiple, magnified and distorted images are
formed and the gravitational lenses are typically galaxies or clusters of galaxies. In weak
lensing, the image is distorted and magnified but multiple images are not produced. In mi-
crolensing, the image is neither distorted nor are multiple images produced, only the source
is magnified when a lens passes the line of sight between the observer and the source.
Gravitational lensing is a powerful astrophysical tool for the following reasons:
• Observing faint sources: It can be used to observe faint high-redshift objects magnified
by lensing which would otherwise not be observable.
• Determination of Hubble’s constant : When the time delay between two lensed images
is known, the Hubble constant can be determined given the lens and source redshifts,
the lens model and an adopted cosmological model (Refsdal, 1964).
• Information about the lens: The purpose of constructing a lens model is to be able to
predict the positions of the image given the position of the source from Equation (1.3).
When trying to construct a lens model, if the lensed system consists of several images,
each image provides one such equation for the same source position. The lensed images
can therefore be used to constrain the lens model. LensClean is a frequently used
algorithm for inverting resolved gravitational lens systems (Kochanek and Narayan,
1992).
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• Information about the source: Once a good lens model is obtained, the images can be
back-projected onto the source plane and the true, unlensed source structure can be
studied.
• Information about magnetic field in lens: When linearly polarized light travels through
a magneto-ionic medium, its plane of polarization is rotated. This phenomenon is
called Faraday Rotation. The angle of rotation of the plane of polarization is given by
(Thompson et al., 2001)
∆ψ = Rmλ
2 (1.7)
where λ is the wavelength and Rm is called the rotation measure, given by
(Thompson et al., 2001)
Rm = 8.1× 105
∫
neB‖dy (1.8)
where ne is the electron density in cm
−3, B‖ is the magnetic field along the line of
sight in units of gauss, dy is the infinitesimal path length in parsecs, and Rm is in
radians/m2.
Polarization observations can be used to measure the Faraday rotation caused by
the lens and hence provide a probe into the magnetic fields in the lensing galaxy
(Patnaik et al. (1999), Kemball et al. (2001)).
• Tests of General Relativity : General Relativity predicts that polarization properties
like polarization position angle and percentage polarization are invariant under lensing
modulo Faraday rotation in the lensing galaxy (Dyer and Shaver, 1992; Faraoni, 1993).
Therefore, observational confirmation of these properties provides a test of the theory
of General Relativity (Patnaik et al. (1999), Kemball et al. (2001)).
These applications are described in greater detail in subsequent sections.
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1.2 Polarization VLBI Observations of Gravitational
Lenses
In this section, we discuss polarization VLBI observations of gravitational lenses.
In connected-element interferometry (e.g., VLA1, CARMA2), the signals from each an-
tenna are transported by cables or optical fibers and correlated in real-time during the course
of the observations. In VLBI, the signals are stored on magnetic tape or disk and corre-
lated later, or, more recently, correlated in near real-time over a wide-area network (WAN)
using the technique of eVLBI (Parsley, 2004). This technical separation occurs because the
baselines are short for connected-element arrays (∼ tens of km) while they are very long for
VLBI (∼ thousands of km).
A very thorough description of VLBI can be found in Thompson et al. (2001) and
Taylor et al. (1999). VLBI offers much higher angular resolution than the VLA due to
the increase in baseline length. Millimeter VLBI can be used to study the structure of radio
sources at milliarcsecond resolution, albeit with lower surface brightness sensitivity. But the
sensitivity of VLBI is much less than that of VLA. Therefore, VLBI can be used to study
only very bright sources, normally sources that emit non-thermal radiation, such as quasars,
masers and pulsars.
The first gravitational lens system to be observed with VLBI was B0957+561 (Porcas et al.,
1979). Two radio images, A and B, separated by 6 arcsec and observed in optical with the
2.1 m telescope of Kitt Peak National Observatory3, were first proposed by Walsh et al.
(1979) to be gravitationally lensed images of the same source based on their similar optical
spectra. The lens was found to be a massive elliptical galaxy (Stockton, 1980) at a redshift
of 0.36 (Young et al., 1980) and a member of a cluster of galaxies (Young et al., 1981a). The
radio source, with a redshift of 1.4 (Walsh et al., 1979), was found in VLBI observations to
1http://www.vla.nrao.edu/
2http://www.mmarray.org/
3http://www.noao.edu/kpno/
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have a compact core-jet structure (Porcas et al., 1981).
The rotation of the plane of polarization of electromagnetic radiation under the influ-
ence of a gravitational field is called gravitational Faraday rotation, in analogy with the
electromagnetic Faraday rotation undergone by an electromagnetic wave traveling through
a magnetic field (e.g., Piran and Safier (1985)). The gravitational effect is also known as the
Skrotskii effect (Skrotskii, 1957). By symmetry arguments, Dyer and Shaver (1992) show
that a spherical gravitational lens in a stationary spacetime (e.g., a Schwarzschild black hole)
cannot cause rotation of the plane of polarization. For a rotating lens (e.g., a Kerr black
hole), there will be rotation of the plane of polarization, but this effect depends sharply on
the impact parameter and the rotational velocity.
In a subsequent complementary analysis, Sereno (2004) and Sereno (2005) confirm that
gravitational Faraday rotation occurs only if there is a component of the total angular
momentum of the lens along the line of sight. They find that the rotation of the plane of
polarization is of order O(ǫ3) in the case of some non-stationary spacetimes they studied.
Here, ǫ ∼ √φ/c, where φ is the gravitational potential and c is the speed of light. This effect
is small (of the order of milliarcseconds) and difficult to detect, but not zero. These authors
raise the hope that this might be detectable with high quality data for gravitational lens
systems such as B0218+357 (Biggs et al., 1999), in the future.
Sereno (2005) show that the angle of rotation of the plane of polarization of light in the
case of lensing by an isothermal sphere is given by
θrot =
8πG
c3
σ2vωlos(
√
R2 + ξ2c −
√
|ξ|2 + ξ2c ) (1.9)
where σv is the velocity dispersion, ωlos is the angular velocity along the line of sight, ξc is
the core radius, R is the truncation radius (radius beyond which the mass density of the
isothermal sphere is zero), and ξ is the impact parameter for the light ray.
For the case of quasars being lensed by spiral galaxies, typical values are σv ∼ 20 km s−1,
8
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Figure 1.3: Variation of the rotation angle θrot of the plane of polarization with the impact
parameter ξ of a light ray relative to the lens center for lensing by an isothermal sphere with
σv ∼ 20 km s−1, R ∼ 20 Kpc, J ∼ 0.1 M⊙ Kpc2 s−1, ξc = (1/20)R (after Sereno (2004)).
R ∼ 20 kpc, angular momentum J ∼ 0.1 M⊙ Kpc2 s−1 (Vitvitska et al., 2002). Using ξc =
(1/20)R, we plot the dependence of the angle of rotation on the impact parameter in Figure
1.3. We see that the rotation angle decreases sharply with increase in the impact parameter.
Polarization VLBI observations of gravitational lenses are useful scientifically for several
reasons:
• Confirmation of the lensing hypothesis: As the polarization position angle and per-
centage polarization are not significantly changed by lensing (Dyer and Shaver (1992),
Faraoni (1993)) after subtracting the effects of Faraday rotation in the lensing galaxy,
this property can provide a test of the lensing hypothesis at high angular resolution
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for multiple images which are suspected to be lensed images of the same source.
• Test of General Relativity : As described above, General Relativity predicts that po-
larization position angle and percentage polarization are essentially invariant under
lensing (see Figure 1.3); therefore, observational confirmation of this property for
independently-confirmed lenses provides a test of the theory of General Relativity.
• Constraining lens models: VLBI observations can provide high angular resolution po-
larization maps of gravitationally lensed images at milliarcsecond scale. This informa-
tion can be used to identify corresponding lensed imaged structures, test the lensing
hypothesis, and constrain lens models at unprecedented angular resolution. The three
Stokes parameters I, Q and U also provide more constraints on the lens model than
Stokes I alone.
• Information about the magnetic field in the lens galaxy : If the polarization position
angle is found to differ in two lensed images, it implies that the polarization position
angle vector has undergone different amounts of Faraday rotation in the intervening
lens. Determination of the differential rotation measure between two lensed images
can therefore yield information about the properties of the lens such as the Fara-
day rotation at milliarcsecond resolution for high-redshift galaxies. A higher rotation
measure is expected for a gas-rich spiral galaxy than for an elliptical galaxy (e.g.,
Binney and Merrifield (1998), Beck (2004), and Moss and Shukurov (1996)).
• Determination of Hubble’s constant : If the source polarization is variable, then the
polarization position angle and the percentage polarization can be monitored in ad-
dition to Stokes I to determine the time delay and this can be used to estimate the
Hubble constant if a lens model is available, using the method of Refsdal (1964) (e.g.,
Biggs et al. (1999)).
Patnaik et al. (1999) carried out polarization observations of the gravitational lens system
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B1422+231 at 8.4 GHz using the Very Large Baseline Array (VLBA4) and the Effelsberg
antenna. This is a four-image gravitational lens system, first discovered by Patnaik et al.
(1992a), with a separation of 1.3 arcsec between the outermost two images. The source is a
quasar at redshift 3.62, and the lensing galaxy has a redshift of 0.338 (Kundic et al. (1997),
Tonry (1998)). The images A, B and C are bright enough in these observations for their
polarization properties to be determined while D is too weak for its polarization properties
to be determined accurately. The polarization VLBI maps of the four images are shown in
Figure 1.4.
By demonstrating that the ratio of the flux densities of the A and B images is the same
as the ratio of their areas, they showed that lensing conserves surface brightness. Images
A, B and C are tangentially elongated with respect to the lens, while image D is radially
elongated. This is expected from lens models for this system. The polarization distribution
in images A and B have reflection symmetry about the image major axis, which shows
that the two brightest images have opposite parity as expected from lensing theory. From
the difference between the polarization position angles, the rotation measure was found to
be 280±20 rad/m2, which is relatively high considering that the lens is believed to be an
elliptical galaxy.
Kemball et al. (2001) performed VLBI polarization observations of the gravitational lens
system B0218+357 at 8.4 GHz. The properties of this source are described in further detail
in Section 1.3. They find two images A and B, each with two components A1, A2 and B1, B2
(following the nomenclature used in total intensity observations by Patnaik et al. (1995)).
Components A1, B1 are identified with the core because of their compactness, while A2,
B2 are identified with the jet. The Einstein ring is not detected in these observations but
this is not unexpected in VLBI observations at this frequency as the ring has low surface
brightness.
These observations reveal the milliarcsecond polarization structure of the lens as shown
4http://www.vlba.nrao.edu/
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Figure 1.4: 8.4 GHz VLBA polarization maps of the four images in the gravitational lens
system B1422+231: A (top left), B (top right), C (bottom left), and D (bottom right).
The contours are drawn at (-2, -1, 1, 2, 4, 8, 16, 32, 64, 128) × the 3σ noise in the map.
The vectors indicate the direction of the linearly polarized electric field and the length of a
vector is proportional to the linearly polarized intensity. (Figures 3 and 4 from Patnaik et al.
(1999))
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Figure 1.5: 8.4 GHz VLBA polarization maps of the two images in the gravitational lens
system B0218+357: A (left), B (right). Stokes I is plotted at contour levels of 2.75 ×
(-10, -5, -2, -1, 1, 2, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100) mJy/beam. The vectors
indicate the direction of the linearly polarized electric field and the length of a vector is
proportional to the linearly polarized intensity, where 1 mas = 12.8 mJy/beam. (Figure 1
from Kemball et al. (2001))
in Figure 1.5. The core at the base of the quasar radio jet is found to be the dominant
source of polarized emission. Regions with weak linearly polarized emission are found near
component 2, denoted A2P and B2P in the two images by Kemball et al. (2001). By fitting
a λ2 law with zero intercept to the difference in polarization position angle of the two images,
a differential rotation measure of 747± 21 rad m−2 is derived.
These observations confirm the gravitational lens hypothesis for B0218+357 in several
ways. There is agreement in the fractional linear polarization and milliarcsecond polarization
structure of the two images. The polarization position angles agree after removing the effects
of Faraday rotation. A2P and B2P are also located on opposite sides of the A1-A2 and B1-B2
axes, illustrating the parity reversal expected from lens models.
The observations also provide additional information on the nature of the source. The
core has unusually high polarization (∼ 8-12 %). Since BL Lac objects have higher per-
centage polarizations than quasars, the BL Lac classification seems more reasonable, even
though the percentage polarization is very high even for BL Lac objects (Gabuzda et al.
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(1992), Cawthorne et al. (1993)) which have a core polarization more typically of ∼ 2%.
Further polarization VLBI observations of B0218+357 at 8 GHz are reported by Biggs et al.
(2003) using a global VLBI array of high sensitivity. They were able to resolve weaker, outer
components in the quasar jet due to the improved sensitivity of the global array.
1.3 The Gravitational Lens System B0218+357
In this section, we describe the properties of the gravitational lens B0218+357, which is an
important lens studied in this thesis.
The gravitational lens system B0218+357 was discovered in the Jodrell Bank-Very Large
Array Astrometric Survey (JVAS5) to search for gravitational lenses using the VLA
(Patnaik et al. (1992a). It was independently discovered by O’Dea et al. (1992)). It consists
of two flat-spectrum (α ∼ -0.2) components, A and B, separated by ∼ 330 milliarcsec, and
a steep-spectrum (α ∼ -0.6) Einstein ring of similar diameter (Patnaik et al., 1993). The
Einstein ring has the smallest radius that has ever been observed. The lens hypothesis was
initially verified by Patnaik et al. (1993) on the basis of the similarity of the component
spectra, structure and percentage polarization and the presence of the Einstein ring. These
observations were performed with the VLA, MERLIN6 and EVN7. Subsequently, several
observations have provided additional confirmation. Patnaik et al. (1995) conducted 15 GHz
total intensity VLBA observations, shown in Figure 1.6, and showed that surface brightness
is conserved by demonstrating that the ratio of the flux densities of A and B is the same as
the ratio of their areas. Biggs et al. (2003) adopted an isothermal model of the lens galaxy
and show that back-projection of each of the two components onto the source plane yield
source structures which agree well.
The 15 GHz total intensity VLBA observations by Patnaik et al. (1995) reveal a core-
5http://www.jb.man.ac.uk/research/gravlens/lensarch/lens.html
6http://www.merlin.ac.uk/
7http://www.evlbi.org/
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Figure 1.6: Top: 15 GHz VLA map of the gravitational lens system B0218+357. The contour
levels are 0.8 mJy/beam × (-4, -2, -1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512,1024, 2048). (Figure
2 from Cohen et al. (2000)). Bottom: 15 GHz VLBA maps of the two lensed images : B
(left), A (right). The contour levels for image A are 1.5 mJy/beam × (-1, 1, 2, 4, 8, 16, 32,
64, 128) and those for image B are 2.0 mJy/beam × (-1, 1, 2, 4, 8, 16, 32, 64, 128, 256).
(Figure 1 from Patnaik et al. (1995))
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Reference Molecular Line Redshift
Cohen et al. (2003) Mg II, H γ, H β, O III 0.944
Browne et al. (1993) Mg II 0.94
Table 1.1: Measured redshifts for the source in the gravitational lens system B0218+357.
jet structure for the radio source at milliarcsecond resolution. The source is believed to
be a BL Lac object, though the fractional polarization of A and B is very high as noted
earlier in Section 1.2 (∼ 10%) (Patnaik et al. (1993), Kemball et al. (2001)), and there is
evidence of a counterjet at high sensitivity (Biggs et al., 2003). The fractional polarization
of the ring is very high, ≥ 20% (O’Dea et al., 1992). The polarization position angle of
the Einstein ring has been found to be radially directed in the 8.4 GHz VLA observations
reported by O’Dea et al. (1992) and Biggs et al. (2003). Components A and B are believed
to be images of the compact inner core region and the Einstein ring is the image of the
jet crossing a caustic in the source plane. The source redshift has been estimated to be ∼
0.94 (Browne et al., 1993). Table 1.1 lists the measured optical redshifts for the source in
B0218+357.
The separations A1-A2 and B1-B2 have been found to vary with frequency. For example,
these two separations at 15 GHz (Patnaik et al., 1995) are greater than the corresponding
separations at 8.4 GHz (Kemball et al., 2001). This can be explained by the dependence of
the peak of the core and the peak of the jet on frequency (Kemball et al., 2001).
Patnaik et al. (1993) report a very high differential Faraday RM of∼ 910 rad/m2 between
the two lensed images A and B from MERLIN observations. This fact, combined with the
small image separation, led them to conclude that the lens is a spiral galaxy. From molecular
line observations, the lens redshift has been well-determined to be ∼0.68 (Browne et al.,
1993; Carilli et al., 1993; Menten and Reid, 1996; Wiklind and Combes, 1995; Gerin et al.,
1997; Combes and Wiklind, 1997; Jethava et al., 2007; Zeiger and Darling, 2010). Table 1.4
lists the measured redshifts for the lens in B0218+357.
The molecular hydrogen column density along the line of sight has been measured to
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Reference Rotation Measure (rad/m2)
O’Dea et al. (1992) 870
Patnaik et al. (1993) 910
Patnaik et al. (2001) 980 ± 10
Table 1.2: Rotation measures for the gravitational lens system B0218+357 calculated from
VLA observations.
Reference Rotation Measure (rad/m2)
Kemball et al. (2001) 747 ± 21
Table 1.3: Rotation measures for the gravitational lens system B0218+357 calculated from
VLBI observations.
lie in the range ∼ 1021 - 1023 cm−2, in several molecular absorption line studies, e.g.,
Wiklind and Combes (1995); Menten and Reid (1996); Gerin et al. (1997); Kanekar et al.
(2003)). From formaldehyde absorption studies, the molecular hydrogen volume density is
believed to be of the order ∼ 102 - 104 cm−3 (Jethava et al., 2007; Zeiger and Darling, 2010).
The magnification ratio of the two images is A/B ∼ 3, though this ratio has been found
to vary with frequency, as illustrated in Tables 1.5 and 1.6 (with associated Figures 1.7 and
1.8) for VLA and VLBI observations, respectively. Given the error bars in Figure 1.7, a case
can be made for a constant magnification ratio also, as has been noted by Jethava et al.
(2007). This is unexpected, since gravitational lensing is achromatic in nature. Possible
explanations are described later in this section. Calculated magnification matrices and the
corresponding magnification ratios are listed in Table 1.7.
Reference Molecular Line Redshift
Henkel et al. (2005) NH3 0.6847
Kanekar et al. (2003) OH, H I 0.68468
Combes and Wiklind (1997) H2O 0.68466
Menten and Reid (1996) H2CO 0.68466
Wiklind and Combes (1995) CO, HCO+, HCN 0.68466
Browne et al. (1993) Mg II, Ca II 0.6847
Carilli et al. (1993) H I 0.6847
Table 1.4: Measured lens redshift values in the gravitational lens system B0218+357.
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Grundahl and Hjorth (1995) found image B to be much brighter than image A in op-
tical observations, and Falco et al. (1999) report a very high relative optical extinction for
image A as compared to image B. Grundahl and Hjorth (1995) found image B to be much
brighter than image A in optical observations. Carilli et al. (2000) confirm that image A
contributes predominantly to the H I absorption line they observed for this lens system.
Menten and Reid (1996) and Muller et al. (2007) arrived at a similar conclusion from molec-
ular absorption studies for this system. These observations suggest that there is a molecular
cloud containing one or more H II regions in front of image A.
At radio wavelengths, the variation of the flux density ratio of the two images with
frequency may be due to refractive scattering or free-free absorption (Mittal, 2006). Both
are caused by free electrons and have a λ−2 dependence.
Biggs et al. (2003) have explained the frequency dependence of the magnification ratio
by proposing refractive scattering due to large-scale inhomogeneities in the ISM in front of
image A. This will cause scatter-broadening of image A as compared to image B. Using a
lens model, they back-projected the two images onto the source plane and found that the
back-projected size of a feature in image A is larger than the back-projected size of the same
feature in image B.
Mittal et al. (2007) have instead suggested free-free absorption in the ISM in front of
image A as the reason for the variation in the flux-density ratio of images A and B with
frequency. They assume that the spectrum of image B reflects the true source spectrum,
and use this spectrum and a lens model to derive the true spectrum of image A. They
then calculate the effect of free-free absorption on the true spectrum to arrive at a modified
spectrum. They compare this modified spectrum to the observed spectrum of A, and find
good agreement between the two.
Mittal et al. (2007) assert that their theory of free-free absorption is correct, because their
model can reproduce the observed frequency dependence of the flux density ratio. They point
out that the scattering theory proposed by Biggs et al. (2003) is not satisfactory because the
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Frequency (GHz) Interferometer Epoch Reference Flux Density Ratio
4.84 VLA 1990 Feb 9 O’Dea et al. (1992) 2.38 ± 0.25
5 MERLIN 1991 Aug 26 Patnaik et al. (1993) 2.97 ± 0.09
5 MERLIN 1992 Jan 13 Patnaik et al. (1993) 3.23 ± 0.10
5 MERLIN 1992 Mar 27 Patnaik et al. (1993) 3.35
8.4 VLA 1990 Feb 9 O’Dea et al. (1992) 2.98 ± 0.22
8.4 VLA 1991 Aug 1 Patnaik et al. (1993) 3.247
8.4 VLA 1996/1997 Biggs et al. (1999) 3.57 ± 0.01
8.4 VLA 1996/1997 Cohen et al. (2000) 3.2 ± 0.35
8.4 VLA 2000 Nov 11 Biggs et al. (2003) 2.94
8.6 VLA 1995 Aug 24 Jethava et al. (2007) 3.3 ± 0.13
14.1 VLA 1995 Aug 24 Jethava et al. (2007) 3.3 ± 0.14
15 VLA 1991 Aug 1 Patnaik et al. (1993) 3.690
15 VLA 1992 Nov 18 Wucknitz et al. (2004) 3.79
15 VLA 1996/1997 Biggs et al. (1999) 3.73 ± 0.01
15 VLA 1996/1997 Cohen et al. (2000) 4.3 ± 0.65
22 VLA 1991 Aug 1 Patnaik et al. (1993) 3.636
22.4 VLA 1990 Feb 9 O’Dea et al. (1992) 3.29 ± 0.90
43.2 VLA 1995 Aug 24 Jethava et al. (2007) 3.5 ± 0.22
Table 1.5: Measured VLA image flux density ratios for the gravitational lens system
B0218+357 at different frequencies (Based on Table 2 in Wucknitz et al. (2004) and Ta-
ble 1 in Jethava et al. (2007)). These values are plotted in Figure 1.7.
frequency dependence of image broadening is seen in both images A and B, and not in only
image A as would be required if the broadening were due to a molecular cloud present in front
of A. Also, the scatter-broadening does not follow the expected λ−2 dependence. However,
Jethava et al. (2007) found the magnification ratio to be constant within the formal errors
over 8.6-43.2 GHz in VLA observations, a range larger than the frequency range 8.4-15.4
GHz of Mittal et al. (2007), and they therefore conclude in contrast that there is no evidence
for significant free-free absorption between 8.6 and 43.2 GHz
The percentage polarization of both images decreases with frequency, though the decrease
is steeper in A than in B, as illustrated in Tables 1.8 and 1.9 (and associated Figures 1.9
and 1.10) for VLA and VLBI observations, respectively. Biggs et al. (2003) attribute this
to the dependence of scatter-broadening on frequency and inhomogeneities in the Faraday
screen in front of the lens.
B0218+357 is an excellent gravitational lensing system for the determination of the
Hubble constant H0 for the following reasons (York et al., 2005): (1) The two images A
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Frequency (GHz) Interferometer Epoch Reference Flux Density Ratio
1.65 VLBI 2002 Jan 13 Mittal et al. (2006) 2.02 ± 0.05
1.7 VLBI 1992 Jun 19 Patnaik and Porcas (1999) 2.62 ± 0.19
2.25 VLBI 2002 Jan 13 Mittal et al. (2006) 2.67 ± 0.10
4.96 VLBI 2002 Jan 13 Mittal et al. (2006) 3.00 ± 0.06
5 EVN 1990 Nov 19 Patnaik et al. (1993) 3.185
5 VLBI 1992 Mar 27 Patnaik and Porcas (1999) 2.62 ± 0.19
8.4 VLBI 1995 May 9 Kemball et al. (2001) 3.18 ± 0.17 a
3.72 ± 0.20 b
8.4 VLBI 2000 Nov 11 Biggs et al. (2003) 3.15
8.40 VLBI 2002 Jan 13 Mittal et al. (2006) 3.31 ± 0.13
15 VLBA 1994 Oct 3 Patnaik et al. (1995) 3.623 ± 0.065
15.35 VLBI 2002 Jan 13 Mittal et al. (2006) 3.87 ± 0.14
aA1/B1
bA2/B2
Table 1.6: Measured VLBI image flux density ratios for the gravitational lens system
B0218+357 at different frequencies (based on Table 2 in Wucknitz et al. (2004), Table 1
in Mittal et al. (2006), and Mittal et al. (2006)). These values are plotted in Figure 1.8.
Frequency Interferometer Epoch Reference Magnification Magnification
(GHz) Matrix Ratio
15 VLBA 1994 Oct 3 Patnaik et al. (1995)
(
0.7813 0.7269
0.1632 −0.2015
)
3.622
15 VLBA 1994 Oct 3 Nair (1996)
(
0.81 0.66
0.17 −0.18
)
3.876
Table 1.7: Magnification matrices for transformation of image A to image B and the corre-
sponding magnification ratios for the gravitational lens system B0218+357.
Frequency (GHz) Interferometer Epoch Reference Percentage Polarization
A B
8.4 VLA 1990 Feb 9 O’Dea et al. (1992) 6.4 ± 0.1 8.1 ± 0.1
8.4 VLA 1991 Aug 1 Patnaik et al. (1993) 6.4 8.0
15 VLA 1991 Aug 1 Patnaik et al. (1993) 10.5 9.4
22 VLA 1991 Aug 1 Patnaik et al. (1993) 10.1 9.4
22.4 VLA 1990 Feb 9 O’Dea et al. (1992) 10.8 ± 0.5 9.6 ± 0.5
Table 1.8: Measured VLA percentage polarizations for the gravitational lens system
B0218+357 at different frequencies. These values are plotted in Figure 1.9.
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Figure 1.7: Variation of the flux density ratio (A/B) with frequency in VLA observations of
the gravitational lens system B0218+357.
Frequency (GHz) Interferometer Epoch Reference Percentage Polarization
A B
8.4 VLBI 1995 May 9 Kemball et al. (2001) 8.0 ± 0.4 a 11.6 ± 0.4b
8.4 VLBI 2000 Nov 11-12 Biggs et al. (2003) 5.9 9.0
aA1
bB1
Table 1.9: Measured VLBI percentage polarizations for the gravitational lens system
B0218+357. These values are plotted in Figure 1.10.
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Figure 1.8: Variation of the flux density ratio (A/B) with frequency in VLBI observations
of the gravitational lens system B0218+357.
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Figure 1.9: Variation of the percentage polarization with frequency in VLA observations of
the gravitational lens system B0218+357 (circles denote observations of image A, crosses
denote observations of image B).
23
8.3 8.32 8.34 8.36 8.38 8.4 8.42 8.44 8.46 8.48 8.5
5
6
7
8
9
10
11
12
13
Frequency (GHz)
Pe
rc
en
ta
ge
 P
ol
ar
iza
tio
n
Figure 1.10: Variation of the percentage polarization with frequency in VLBA observations
of the gravitational lens system B0218+357 (circles denote observations of image A, crosses
denote observations of image B).
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and B and the Einstein ring provide strong observational constraints for modeling the lens,
(2) the low redshift of the system minimizes the effect of the assumed cosmology on the
determination of H0, (3) the brightness and variability of the source at radio frequencies
facilitate determination of the time delay, and (4) the lens is an isolated galaxy with no
nearby objects complicating the lens potential.
Biggs et al. (1999) have measured the time delay between images A and B by monitoring
the total intensity, percentage linear polarization, and polarization position angle with the
VLA at 8.4 GHz and 15 GHz over a period of 3 months. They estimate the time delay to
be 10.5 ± 0.4 days. Using a singular isothermal ellipsoid model, they accordingly estimate
H0 to be 69
+13
−19 km s
−1 Mpc −1, assuming a completely homogeneous universe with Ω0 = 1,
λ0 = 0, η = 1. Using independent observations at the same frequencies over the same period
but using a different algorithm for estimating the time delay, Cohen et al. (2000) estimate
the time delay to be 10.1+1.5−1.6 days. Using the same lens model as Biggs et al. (1999), they
calculate the value of H0 to be 71
+17
−23 km s
−1Mpc−1.
A good model of the lens is needed to accurately determine the Hubble constant.
Patnaik et al. (1993) estimated the mass of the lens to be 3 × 109h−1M⊙ from the angular
radius of the Einstein ring. Given that the center of the Einstein ring does not lie on the
line joining the images A and B, Patnaik et al. (1995) suggest that the lens potential is
non-spherical. Biggs et al. (1999) model the lens as a singular isothermal ellipsoid mass
distribution using the 8.4 GHz VLA A/B flux density ratio as a constraint and find the axis
ratio to be ∼ 0.77, the position angle of the major axis to be ∼ −48◦, and the velocity
dispersion of the lens to be ∼ 170 km s−1. From the different lengths of the jet in each
image in 8.4 GHz VLBI observations, Biggs et al. (2003) deduce that the radial mass profile
is slightly steeper (β ≈ 1.04) than isothermal. Wucknitz et al. (2004) use the Einstein ring
in modeling the lens and derive a well-defined position for the lens center. They too find
the mass distribution to be slightly steeper than isothermal, with β ≈ 1.04. Assuming an
elliptical power-law potential, York et al. (2005) find the exponent to be β ∼ 1.13 from
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Reference Constraints on lens model
Patnaik et al. (1993) Lens mass ∼ 3× 109h−1M⊙
Patnaik et al. (1995) Lens potential non-spherical
Biggs et al. (1999) Lens mass distribution singular isothermal ellipsoid
with velocity dispersion ∼ 170 km s−1,
axis ratio ∼ 0.77, position angle of major axis ∼ −48◦
Biggs et al. (2003) Radial mass profile is slightly steeper (β ≈ 1.04)
than isothermal
Wucknitz et al. (2004) Derive well-defined position for the lens center,
mass distribution slightly steeper (β ≈ 1.04)
than isothermal
York et al. (2005) Lens potential elliptical power-law with β ∼ 1.13
Table 1.10: Constraints on lens models for the gravitational lens system B0218+357 from
various observations.
optical observations. Table 1.10 summarizes these findings.
1.4 Goals of Thesis
1. High dynamic range polarization VLBI imaging of B0218+357 at 43 GHz: Reduce
existing VLBA observations of the lens system B0218+357 at 43 GHz to produce high
dynamic range polarization VLBI images of B0218+357. This will enable us to study
the polarization properties of this system at unprecedented resolution, at a frequency
nearly free from propagation effects, and therefore allow us to study the relativistic
invariance of polarization properties under gravitational lensing.
2. Polarization VLA imaging of a lens sample: Reduce an existing VLA polarization
survey of a sample of gravitational lenses. This will enable us to determine typical lens
polarization properties such as pecentage linear polarization and lens galaxy rotation
measures over a wide sample of gravitational lens systems.
3. Low-frequency polarization VLA imaging of a B0218+357: Reduce existing VLA ob-
servations of the lens system B0218+357 to produce polarization maps at frequencies
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of 330 MHz, 1.5 GHz and 5 GHz. These maps will enable us to study propagation
effects in this system, which are expected to be more pronounced at lower frequen-
cies. We also expect to be able to observe and study the Einstein ring given its higher
relative brightness at lower frequencies.
4. Milliarcsecond polarization structure of B0218+357 at multiple frequencies: Reduce
existing VLBA observations of the lens system B0218+357 to produce polarization
maps at frequencies of 8, 15, 22 and 43 GHz. These maps will enable us to determine
the the differential Faraday rotation measure in the lensing galaxy at z = 0.68 at
milliarcsecond resolution and study the VLBI polarization morphology of this system
at multiple frequencies.
5. Enhance lens observation techniques: Explore bootstrap resampling as a framework for
assessing fringe-fitting estimator performance in millimeter interferometric polarimetry
of gravitational lenses. This will enable technique development for science observations
of weaker radio lens systems by current and future instruments.
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Chapter 2
Interferometry: Theory and
Observational Techniques
2.1 Introduction
Radio interferometry is used to obtain high-resolution images of celestial radio sources at an
angular resolution far exceeding the diffraction limit of a single antenna of diameter D, at
wavelength λ, given by λ/D. Antennas spaced at separation B can yield information about
angular structure in the observed source at resolution ∼ λ/B by measuring the spatial co-
herence of the incident electromagnetic radiation at this separation in a plane perpendicular
to the source direction. The van Cittert-Zernike theorem can then be used to infer the
fine-scale source brightness distribution.
As noted earlier, Radio interferometry can be of two types: Connected Element Interfer-
ometry and Very Long Baseline Interferometry (VLBI). The antennas in connected-element
interferometry are connected by optical fibers and the signals from each antenna pair are
brought together at the correlator in real time. In VLBI, the signals are recorded on portable
media at the individual antennas and correlated later. More recently, eVLBI allows near
real-time correlation over a wide-area network (Parsley, 2004).
In this chapter, we present a brief outline of the foundational principles of radio inter-
ferometry, as well as a more detailed consideration of the specific challenges faced in data
reduction forming part of this thesis, including polarimetry, wide-field imaging, and obser-
vation of weak sources using VLBI.
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2.2 The Interferometric Principle
In this chapter we describe the basic interferometric principle. More detailed explanations
and derivations can be found in the key text by Thompson et al. (2001); see also Taylor et al.
(1999) and Wilson et al. (2009).
Let us first consider the case of a single baseline formed by two antennas, as shown in
Figure 2.1. Also, to begin with, we assume that a compact source in the far-field of the
interferometer is being observed and the quasi-monochromatic limit applies.
Figure 2.1: An elementary interferometer (Figure 2.3 from Thompson et al. (2001)). H1
and H2 are bandpass amplifiers, τg and τi are the geometric and instrumental time delays
respectively, and the correlator consists of a complex multiplier and an integrator.
Neglecting atmospheric propagation, each of the antennas receives electromagnetic radi-
ation from the source and converts it into a voltage of magnitude proportional to the electric
field vector (Stutzman and Thiele, 1998),
V (t) ∝ E(t) (2.1)
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The two phasor voltages are multiplied in complex form and integrated by the correlator,
yielding as the output of the correlator
r12(τ) = lim
T→∞
1
2T
∫ T
−T
V1(t)V
∗
2 (t− τ)dt (2.2)
where τ is the time delay between the two voltages, and 2T is the integration time (time
constant of the integrator inside the correlator), which is much larger than the inverse
bandwidth (δν)−1 of the amplifiers.
The analogous quantity in optics is the mutual coherence function. The mutual coherence
function for a field E(t) measured at points 1 and 2 is given by (Born and Wolf, 1999;
Thompson et al., 2001)
Γ12(u, v, τ) = lim
T→∞
1
2T
∫ T
−T
E1(t)E
∗
2(t− τ)dt, (2.3)
where u and v are the coordinates of the projected separation vector between the two mea-
surement points expressed and measured in a plane orthogonal to the direction toward the
interferometric field center in units of the wavelength. By convention, this plane is known
as the visibility plane. For a distant, compact, spatially incoherent, quasi-monochromatic
source, it can be shown that (Born and Wolf, 1999; Thompson et al., 2001)
V (u, v) =
∫ ∞
−∞
∫ ∞
−∞
I(l,m)e−j2π(ul+vm) dl dm (2.4)
where V (u, v) = Γ12(u, v, 0) is known as the visibility at point (u, v) in the visibility plane,
l and m are the direction cosines in the plane of the sky, I(l,m) is the specific intensity in
the direction (l,m).
Thus, the visibility V (u, v) is the Fourier Transform of the intensity distribution I(l,m)
of the source (Born and Wolf, 1999; Thompson et al., 2001). This result is known as the van
Cittert-Zernike theorem.
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As the earth rotates, an interferometric array measures the visibility at those points in
the Fourier plane which are traced by the projected array baselines. An example of (u, v)
coverage for the VLBA is given in Figure 2.2. Reconstruction of the source brightness
distribution from the samples visibility measurements is known as “Earth-rotation aperture
synthesis”.
The Fourier Transform of r(u, v, τ) over correlator delay τ to the conjugate Fourier
variable ω yields cross-power visibility spectra V (u, v, ω). In implementation, correlators
vary in the order of cross-multiplication (X) and Fourier Transformation (F), either FX or
XF(Romney, 1999).
Figure 2.2: VLBA (u, v) coverage for a full track at declination δ = 50◦ (Figure 21-1(a) from
Sault and Conway (1999))
2.3 Radio Interferometry Signal Path
In practice, the measured cross-power visibility spectra V (u, v, ω) include the effects of at-
mospheric and instrumental propagation. We adopt a matrix formulation for the general
calibration problem, developed originally in a series of four papers (Hamaker et al. (1996),
31
Sault et al. (1996), Hamaker and Bregman (1996), Hamaker (2000)), and known collectively
as the Measurement Equation (ME) formalism. The incident radiation passes through the
atmosphere and many components of the interferometer system before entering the correla-
tor. The relation between the incident radiation above the atmosphere and that just before
entering the correlator can be represented as
E′ = JE (2.5)
in the ME notation of Thompson et al. (2001). Here, E = [ER EL]T and E′ = [ER
′
EL
′
]T
represent the input and output polarization states in a circularly polarized basis. In this
section, the symbols R and L refer to right and left circularly polarized components. J is a
2× 2 matrix known as a Jones matrix. The effect of the atmosphere and the interferometer
can be written in this form since the system is linear. The matrix J can be used to represent
the rotation of the wave relative to the antenna, polarization leakage effects, or antenna
amplitude gains. Each of these effects is linear, hence the final Jones matrix can be expressed
as the product of the Jones matrices for each of these effects. The Jones matrices for rotation,
leakage and amplitude gain have the the following forms (Thompson et al., 2001):
Jrotation =

 ejθ 0
0 e−jθ

 (2.6)
Jleakage =

 1 DR
DL 1

 (2.7)
Jgain =

 GR 0
0 GL

 (2.8)
Let Ek and En be the vectors representing the signal inputs at antennas k and n, and let
Jk and Jn be the products of the Jones matrices representing the linear operations on the
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signal up to the point where it reaches the correlator input at antennas k and n respectively.
Then the inputs at the correlator are E′k = JkEk and E
′
n = JnEn. The correlator output is
given by the time average of the outer product of the inputs for each antenna pair k − n:
〈E′k ⊗ E
′∗
n 〉 = 〈(JkEk)⊗ (J∗nE
′∗
n )〉 (2.9)
where the outer product of matrices A and B is defined as (A⊗B)ijkl = aijbkl (Poole, 2010),
aij and bkl being the (ij)
th and (kl)th elements of A and B, respectively. For example, if
A =

 a00 a01
a10 a11

 , B =

 b00 b01
b10 b11

 , (2.10)
then
A⊗B =

 a00B a01B
a10B a11B

 =


a00b00 a00b01 a01b00 a01b01
a00b10 a00b11 a01b10 a01b11
a10b00 a10b01 a11b00 a11b01
a10b10 a10b11 a11b10 a11b11


(2.11)
By the property (AiBi)⊗ (AkBk) = (Ai⊗Ak)(Bi ⊗Bk), Equation (2.9) can be written as
(Thompson et al., 2001)
〈E′k ⊗ E
′∗
n 〉 = (Jk ⊗ J∗n)〈Ek ⊗E∗n〉 (2.12)
Therefore, the output correlation, or visibility, Vkn = 〈E′k ⊗ E′∗n 〉 is related to the true
correlation Rkn = 〈Ek ⊗ En〉 by
Vkn = (Jk ⊗ J∗n)Rkn (2.13)
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The time-averaged outer product of the electric fields at the two antennas
Rkn = 〈Ek ⊗ E∗n〉 =


RRRkn
RRLkn
RLRkn
RLLkn


(2.14)
is known as the coherency vector (Born and Wolf, 1999), which is proportional to the cross-
power visibility spectra V (u, v, ω) expressed in the circular polarization basis. Let the Stokes
visibility vector
WSkn =


Iv
Qv
Uv
Vv


(2.15)
be related to Rkn by the 4× 4 transformation matrix K, i.e., (Hamaker et al., 1996)
Rkn = KWSkn. (2.16)
K is a fixed matrix that effects a polarization basis transformation between the coherency
vector basis and the Stokes visibility basis and is given by (Conway and Kronberg, 1969;
Kemball et al., 1995a)
K =


1 0 0 −1
0 1 j 0
0 1 −j 0
1 0 0 1


. (2.17)
For laying out the signal path framework as relevant to this thesis, we adopt the mea-
surement equation (ME) formulation of Kemball and Martinsek (2005) to write the visibility
34
matrix for baseline k − n as:
Vkn = (Jk ⊗ J∗n)
∫
Ω
(Fk ⊗ F∗n)e−2πjbkn·(ρ−ρs)KS(ρ)dΩ (2.18)
where Fk and Fn are the Jones matrices corresponding to direction-dependent image plane
effects, Jk and Jn are the Jones matrices corresponding to signal path effects, bkn is the
baseline vector, ρ and ρs indicate the position vectors towards a general point in the source
and the chosen source center, respectively; Ω indicates the region of interest on the sky, dΩ
is the differential solid angle element, S(ρ) = [I(ρ) Q(ρ) U(ρ) V (ρ)]T is the Stokes intensity
4-vector towards the direction ρ in the sky, and K is the transformation matrix defined in
Equation (2.16).
We make the simplifying assumption that the image plane effects can be neglected since
we are performing narrow-field imaging, and we write out bkn in (u, v) coordinates and ρ
and Ω in (l,m) coordinates to obtain
Rkn = (Jk ⊗ J∗n)K
∫ ∫
S(l,m)e−2πj(ul+vm)dl dm (2.19)
The matrices Jk and Jn are products of matrices representing different kinds of propagation
effects, with each matrix being of the form of Equation (2.6), (2.7) or (2.8). We shall now
describe the different matrices that make up the final Jones matrix J for a baseline, as
relevant to the data reduction undertaken in this thesis.
The effect of parallactic angle feed rotation can be represented as a matrix having the
form of Equation (2.6):
P =

 e−jα 0
0 ejα

 (2.20)
where α is the parallactic angle.
The effect of ionospheric Faraday rotation can be represented as a matrix having the
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form of Equation (2.6):
T =

 ejχ 0
0 e−jχ

 (2.21)
where χ is the Faraday rotation angle. The effect of polarization leakage from one polariza-
tion to the other is simply of the form of Equation (2.7):
D =

 1 DR
DL 1

 (2.22)
where DR and DL represent the instrumental polarization D-terms for the right and left
circularly polarized components, respectively. The effect of the instrumental gain can be
represented as a matrix of the form of Equation (2.8):
G =

 gR 0
0 gL

 (2.23)
where gR and gL the complex instrumental gains, and can be written as (Schwab and Cotton,
1983)
gR = aRejφ
R
= aRej(φ
R
0 +r
Rt+τRν), gL = aLejφ
L
= aRej(φ
L
0 +r
Lt+τLν) (2.24)
Here, aR and aL are the instrumental gain amplitudes, φR and φL are the instrumental gain
phases, φ0,R and φ0,L are the initial values of the gain phase, r
R and rL are the fringe rates,
which quantify the rates of change of the measured visibility phases with respect to time,
and rτR and τL are the delays, which quantify the rates of change of the measured visibility
phases with respect to frequency. The effect of the complex bandpass response can also be
represented as a matrix of the form of Equation (2.8):
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B =

 BR 0
0 BL

 (2.25)
where BR and BL are the complex bandpass gains, and can be written as
BR = bR(ν)ejψ
R(ν), BL = bL(ν)ejψ
L(ν) (2.26)
where bR(ν) and bL(ν) are the frequency-dependent bandpass gain amplitudes, and ψR(ν)
and ψL(ν) are the frequency-dependent bandpass gain phases.
Similar forms of the matrices P, T, D, G, and B given by Equations (2.20) - (2.25) can
be found in Kemball and Richter (2011), and references therein.
Thus, the final Jones matrix, representing the propagation effects, has the form
J = GBDTP (2.27)
Using Equations (2.20), (2.21), (2.22), (2.23) and (2.25) in Equation (2.27), we obtain
J =

 gRBRe−j(α−χ) gRBRDRej(α−χ)
gLBLDLe−j(α−χ) gLBLej(α−χ)

 (2.28)
Therefore, the outer product of the Jones matrices for antennas k and n is given by
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Jk ⊗ J∗n =


gRk g
R∗
n B
R
k B
R∗
n e
−j{(αk−χk)−(αn−χn)} gRk g
R∗
n B
R
k B
R∗
n D
R∗
n e
−j{(αk−χk)+(αn−χn)} gRk g
R∗
n B
R
k B
R∗
n D
R
k e
j{(αk−χk)+(αn−χn)} gRk g
R∗
n B
R
k B
R∗
n D
R
k D
R∗
n e
j{(αk−χk)−(αn−χn)}
gRk g
L∗
n B
R
k B
L∗
n D
L∗
n e
−j{(αk−χk)−(αn−χn)} gRk g
L∗
n B
R
k B
L∗
n e
−j{(αk−χk)+(αn−χn)} gRk g
L∗
n B
R
k B
L∗
n D
R
k D
L∗
n e
j{(αk−χk)+(αn−χn)} gRk g
L∗
n B
R
k B
L∗
n D
R
k e
j{(αk−χk)−(αn−χn)}
gLk g
R∗
n B
L
k B
R∗
n D
L
k e
−j{(αk−χk)−(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n D
L
kD
R∗
n e
−j{(αk−χk)+(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n e
j{(αk−χk)+(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n D
R∗
n e
j{(αk−χk)−(αn−χn)}
gLk g
L∗
n B
L
k B
L∗
n D
L
kD
L∗
n e
−j{(αk−χk)−(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n D
L
k e
−j{(αk−χk)+(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n D
L∗
n e
j{(αk−χk)+(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n e
j{(αk−χk)−(αn−χn)}


(2.29)
where the transformation matrix K is given by Equation (2.17). Using Equations (2.29) and (2.17), we derive
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(Jk ⊗ J∗n)K =


gRk g
R∗
n B
R
k B
R∗
n
h
e−j{(αk−χk)−(αn−χn)} gRk g
R∗
n B
R
k B
R∗
n
h
DRk e
j{(αk−χk)+(αn−χn)} jgRk g
R∗
n B
R
k B
R∗
n
h
−DRk e
j{(αk−χk)+(αn−χn)} −gRk g
R∗
n B
R
k B
R∗
n
h
e−j{(αk−χk)−(αn−χn)}
+DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i
+DR∗n e
−j{(αk−χk)+(αn−χn)}
i
+DR∗n e
−j{(αk−χk)+(αn−χn)}
i
−DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i
gRk g
L∗
n B
R
k B
L∗
n
h
DRk e
j{(αk−χk)−(αn−χn)} gRk g
L∗
n B
R
k B
L∗
n
h
e−j{(αk−χk)+(αn−χn)} jgRk g
L∗
n B
R
k B
L∗
n
h
e−j{(αk−χk)+(αn−χn)} −gRk g
L∗
n B
R
k B
L∗
n
h
DRk e
j{(αk−χk)−(αn−χn)}
+DL∗n e
−j{(αk−χk)−(αn−χn)}
i
+DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i
−DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i
−DL∗n e
−j{(αk−χk)−(αn−χn)}
i
gLk g
R∗
n B
L
k B
R∗
n
h
DLk e
−j{(αk−χk)−(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n
h
ej{(αk−χk)+(αn−χn)} jgLk g
R∗
n B
L
k B
R∗
n
h
−ej{(αk−χk)+(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n
h
−DLk e
−j{(αk−χk)−(αn−χn)}
+DR∗n e
j{(αk−χk)−(αn−χn)}
i
+DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i
+DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i
+DR∗n e
j{(αk−χk)−(αn−χn)}
i
gLk g
L∗
n B
L
k B
L∗
n
h
ej{(αk−χk)−(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n
h
DLk e
−j{(αk−χk)+(αn−χn)} jgLk g
L∗
n B
L
k B
L∗
n
h
DLk e
−j{(αk−χk)+(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n
h
ej{(αk−χk)−(αn−χn)}
+DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i
+DL∗n e
j{(αk−χk)+(αn−χn)}
i
−DL∗n e
j{(αk−χk)+(αn−χn)}
i
−DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i


(2.30)
From Equations Equations (2.19) and (2.30), we find the final equation relating the measured visibilities and the actual Stokes
intensity 4-vector to be
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

RRR(u, v)
RRL(u, v)
RLR(u, v)
RLL(u, v)


=


gRk g
R∗
n B
R
k B
R∗
n
h
e−j{(αk−χk)−(αn−χn)} gRk g
R∗
n B
R
k B
R∗
n
h
DRk e
j{(αk−χk)+(αn−χn)} jgRk g
R∗
n B
R
k B
R∗
n
h
−DRk e
j{(αk−χk)+(αn−χn)} −gRk g
R∗
n B
R
k B
R∗
n
h
e−j{(αk−χk)−(αn−χn)}
+DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i
+DR∗n e
−j{(αk−χk)+(αn−χn)}
i
+DR∗n e
−j{(αk−χk)+(αn−χn)}
i
−DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i
gRk g
L∗
n B
R
k B
L∗
n
h
DRk e
j{(αk−χk)−(αn−χn)} gRk g
L∗
n B
R
k B
L∗
n
h
e−j{(αk−χk)+(αn−χn)} jgRk g
L∗
n B
R
k B
L∗
n
h
e−j{(αk−χk)+(αn−χn)} −gRk g
L∗
n B
R
k B
L∗
n
h
DRk e
j{(αk−χk)−(αn−χn)}
+DL∗n e
−j{(αk−χk)−(αn−χn)}
i
+DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i
−DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i
−DL∗n e
−j{(αk−χk)−(αn−χn)}
i
gLk g
R∗
n B
L
k B
R∗
n
h
DLk e
−j{(αk−χk)−(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n
h
ej{(αk−χk)+(αn−χn)} jgLk g
R∗
n B
L
k B
R∗
n
h
−ej{(αk−χk)+(αn−χn)} gLk g
R∗
n B
L
k B
R∗
n
h
−DLk e
−j{(αk−χk)−(αn−χn)}
+DR∗n e
j{(αk−χk)−(αn−χn)}
i
+DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i
+DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i
+DR∗n e
j{(αk−χk)−(αn−χn)}
i
gLk g
L∗
n B
L
k B
L∗
n
h
ej{(αk−χk)−(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n
h
DLk e
−j{(αk−χk)+(αn−χn)} jgLk g
L∗
n B
L
k B
L∗
n
h
DLk e
−j{(αk−χk)+(αn−χn)} gLk g
L∗
n B
L
k B
L∗
n
h
ej{(αk−χk)−(αn−χn)}
+DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i
+DL∗n e
j{(αk−χk)+(αn−χn)}
i
−DL∗n e
j{(αk−χk)+(αn−χn)}
i
−DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i


× ∫


I(l,m)
Q(l,m)
U(l,m)
V (l,m)


e−j2π(ul+vm)dl dm
(2.31)
Writing Equation (2.31) in scalar equation form, we get
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RRR(u, v) = gRk g
R∗
n B
R
k B
R∗
n
“h
e−j{(αk−χk)−(αn−χn)} + DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i R
I(l,m)e−j2pi(ul+vm)dl dm
+
h
DRk e
j{(αk−χk)+(αn−χn)} +DR∗n e
−j{(αk−χk)+(αn−χn)}
i R
Q(l,m)e−j2pi(ul+vm)dl dm
+j
h
−DRk e
j{(αk−χk)+(αn−χn)} +DR∗n e
−j{(αk−χk)+(αn−χn)}
i R
U(l,m)e−j2pi(ul+vm)dl dm
−
h
e−j{(αk−χk)−(αn−χn)} −DRk D
R∗
n e
j{(αk−χk)−(αn−χn)}
i R
V (l,m)e−j2pi(ul+vm)dl dm
”
RRL(u, v) = gRk g
L∗
n B
R
k B
L∗
n
“h
DRk e
j{(αk−χk)−(αn−χn)} +DL∗n e
−j{(αk−χk)−(αn−χn)}
i R
I(l,m)e−j2pi(ul+vm)dl dm
+
h
e−j{(αk−χk)+(αn−χn)} +DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i R
Q(l,m)e−j2pi(ul+vm)dl dm
+j
h
e−j{(αk−χk)+(αn−χn)} −DRk D
L∗
n e
j{(αk−χk)+(αn−χn)}
i R
U(l,m)e−j2pi(ul+vm)dl dm
−
h
DRk e
j{(αk−χk)−(αn−χn)} −DL∗n e
−j{(αk−χk)−(αn−χn)}
i R
V (l,m)e−j2pi(ul+vm)dl dm
”
RLR(u, v) = gLk g
R∗
n B
L
k B
R∗
n
“h
DLk e
−j{(αk−χk)−(αn−χn)} + DR∗n e
j{(αk−χk)−(αn−χn)}
i R
I(l,m)e−j2pi(ul+vm)dl dm
+
h
ej{(αk−χk)+(αn−χn)} +DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i R
Q(l,m)e−j2pi(ul+vm)dl dm
+j
h
−ej{(αk−χk)+(αn−χn)} +DLkD
R∗
n e
−j{(αk−χk)+(αn−χn)}
i R
U(l,m)e−j2pi(ul+vm)dl dm
+
h
−DLk e
−j{(αk−χk)−(αn−χn)} + DR∗n e
j{(αk−χk)−(αn−χn)}
i R
V (l,m)e−j2pi(ul+vm)dl dm
”
RLL(u, v) = gLk g
L∗
n B
L
k B
L∗
n
“h
ej{(αk−χk)−(αn−χn)} + DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i R
I(l,m)e−j2pi(ul+vm)dl dm
+
h
DLk e
−j{(αk−χk)+(αn−χn)} + DL∗n e
j{(αk−χk)+(αn−χn)}
i R
Q(l,m)e−j2pi(ul+vm)dl dm
+j
h
DLk e
−j{(αk−χk)+(αn−χn)} −DL∗n e
j{(αk−χk)+(αn−χn)}
i R
U(l,m)e−j2pi(ul+vm)dl dm
+
h
ej{(αk−χk)−(αn−χn)} −DLkD
L∗
n e
−j{(αk−χk)−(αn−χn)}
i R
V (l,m)e−j2pi(ul+vm)dl dm
”
(2.32)
Equation (2.31) represents the data model in matrix-vector form, and equivalently, Equation
(2.32) represents the data model in scalar form.
Similar results derived independently from a scalar analysis (not based on the ME for-
malism) can be found in Kemball et al. (1995b).
2.4 Very Long Baseline Interferometry (VLBI)
As noted earlier in Section 1.2, VLBI differs from connected-element interferometry. Inde-
pendent frequency standards, local atmospheric conditions and differences in the receiving
electronics at each separate antenna introduce residual uncalibrated group delays and phase
rates in VLBI observations (Walker, 1999). At VLBI baseline separations, the atmospheric
fluctuations at different antennas are completely uncorrelated, placing an upper limit on the
coherence integration time. The determination of residual group delays and phase rates in
VLBI observations is known as fringe-fitting (Schwab and Cotton, 1983).
At VLBI resolution, few sources are sufficiently bright and unresolved to be used as
point-source calibrators. It is also difficult to find a compact source close to the target
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source that can be used as a traditional phase-reference calibrator. Calibration selection in
VLBI is accordingly more difficult.
In VLBI, during acquisition, the signal is digitized and quantized (as is true before
correlation in connected element interferometry); this process introduces digitization errors
in the measured visibilities (Thompson et al., 2001).
2.5 VLBI Calibration and Imaging
We measure the components RRR, RRL, RLR, RLL of the coherency vector R, and the final
goal of the data reduction process is to determine the source brightness distribution in full
Stokes parameters I, Q, U, V by inversion of Equation (2.32). Calibration involves the pro-
cess of solving for the unknown elements of the Jones matrices, i.e., gR, gL, BR, BL, DR, DL,
χ in the presence of fixed parameters at each antenna such as α. Therefore, the system of
equations given in Equations (2.32) has to be solved jointly for the source brightness distri-
bution and the calibration parameters.
This problem is simplified by solving for the unknowns in this system of equations in-
crementally and iteratively and also by treating the data problem as separable wherever
possible. Calibration parameters may be derived from observations of calibrator sources or
from the target source itself in which case it is known as self-calibration. In the following
subsections, we describe each step in the calibration and imaging process.
2.5.1 Parallactic angle correction
The matrix P given by Equation (2.20) is known a priori as a function of parallactic angle.
It is calculated and removed at the beginning of the data reduction process.
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2.5.2 Ionospheric Faraday Rotation correction
The contribution of ionospheric Faraday Rotation to the measured visibility phase is propor-
tional to 1/ν2, where ν is the frequency of observation (Thompson et al., 2001; Kemball et al.,
1995b). Hence, this effect is important only at lower frequencies (ν < 5 GHz).
2.5.3 Gain calibration
The gain matrix G given by Equation (2.23) contains amplitude and phase terms. We first
perform amplitude calibration to derive the terms aR and aL in Equation (2.24). This is
derived from the measured system temperature and a priori gain curve information using
the equation (Walker, 1999)
Sc = bρ
√
Ts1Ts2
K1K2
(2.33)
where ρ is the correlation coefficient (D’Addario, 1989) from the correlator, Sc is the resul-
tant correlated flux density (correlation coefficient multiplied by the cross-power visibility
spectra), Ts1 and Ts2 are the system temperatures at the two antennas and K1 and K2
are the point source sensitivities at the two antennas, which need to be corrected for non-
zero atmospheric opacity at frequencies above ∼ 22 GHz, and b is a factor to correct for
known digitization losses and correlator amplitude scaling factors arising from digital signal
processing effects (Kogan, 1993).
The process of finding the rates, delays and initial values of the gain phase in Equation
(2.24) is known as fringe-fitting. The two classical fringe-fitting methods are the Fourier
transform method and the Least Squares method (Schwab and Cotton, 1983).
In the Fourier transform method, the phase rate and group delay on each baseline are
found by finding the peak of the Fourier transform of the observed visibility (a function of
time and frequency) in the transformed delay-rate space. This is a baseline-based approach.
In the Least Squares method, the rate and delay on each baseline is assumed to be the
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difference of the rates and delays at the two antennas. A global antenna-based fringe-fit is
performed by minimizing the sum of the squares of the χ2 difference between the model and
the observations (Schwab and Cotton, 1983; Alef and Porcas, 1986).
A hybrid method is usually employed in practice, where a baseline-based Fourier trans-
form method is used to generate starting values for a subsequent antenna-based Least Squares
fit (Schwab and Cotton, 1983).
Radio-interferometric observations are often at low SNR. In fringe-fitting, both coherent
and incoherent averaging techniques may be used to determine whether a signal is actually
detected or not (Rogers et al., 1995; Thompson et al., 2001). These detection methods are
summarized in Table 2.1.
Method Threshold (Relative Flux Density)
1 One baseline, coherent 1 1
averaging
2 One baseline, incoherent 0.53N−1/4 0.14 (N = 200)
averaging
3 3-baseline triple product
(
4
N
)1/6
0.52 (N = 200)
4 Array of na elements, coherent
(
2
na
)1/2
0.45 (na = 10)
global search
5 Global search with incoherent 0.53
(
4
Nn2a
)1/4
0.05 (N = 200,
averaging na = 10)
6 Incoherent averaging over 0.53
(
2
Nna(na−1)
)1/4
0.05 (N = 200,
time segments and baselines na = 10)
Table 2.1: Relative thresholds for various fringe-fitting detection methods (taken from
Rogers et al. (1995) and Thompson et al. (2001)). N is the number of time segments over
which the data is being averaged.
This is the initial gain calibration stage. Residual errors in amplitude and phase are later
solved for in the self-calibration and hybrid-mapping steps.
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2.5.4 Bandpass correction
Bandpass correction is performed to determine the bandpass frequency response, and so
determine the matrix B. This is undertaken by fitting a polynomial to the normalized
parallel hand calibrator cross-power spectrum in a least square minimization (Diamond,
1989; Kemball et al., 1995b)
Error =
Na∑
m=1
Na∑
n=m+1
Nc∑
l=1
||V˜ ppmn(ωl)− Bpm(ωl)Bp∗n (ωl)|| (2.34)
where Na and Nc are the number of antennas and frequency channels respectively, V˜
pp
mn(ωl)
is the normalized calibrator cross-power spectrum at frequency ωl for baseline m − n and
polarization p, and Bpm(ωl) is the complex bandpass response at frequency ωl for antenna m
and polarization p. The papers by Kemball et al. (1996) and Kemball and Richter (2011)
describe the use of a polynomial expansion for Bpm(ωl).
2.5.5 Polarization calibration
The process of determining the D-terms in the matrix D in Equation (2.22) is called polar-
ization calibration. The D-terms are usually small (of the order of a few percent) and the
Stokes Q and U intensities are usually much smaller in magnitude than Stokes I intensities
for the sources studied in this thesis. This means that terms of the second order in Dr, Dl, Q,
and U in Equation (2.32) can be neglected Roberts et al. (1994). Using this approximation,
and replacing the integrals of the Stokes intensities on the right hand side of Equation (2.32)
by the corresponding Stokes visibilities, we can write
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RRR(u, v) = gRk g
R∗
n B
R
k B
R∗
n
(
e−j{(αk−χk)−(αn−χn)} Iv − e−j{(αk−χk)−(αn−χn)} Vv)
RRL(u, v) = gRk g
L∗
n B
R
k B
L∗
n
([
DRk e
j{(αk−χk)−(αn−χn)} +DL∗n e
−j{(αk−χk)−(αn−χn)}
]
Iv
+e−j{(αk−χk)+(αn−χn)}Qv + je
−j{(αk−χk)+(αn−χn)} Uv)
RLR(u, v) = gLk g
R∗
n B
L
kB
R∗
n
([
DLk e
−j{(αk−χk)−(αn−χn)} +DR∗n e
j{(αk−χk)−(αn−χn)}
]
Iv
+ej{(αk−χk)+(αn−χn)}Qv − jej{(αk−χk)+(αn−χn)} Uv)
RLL(u, v) = gLk g
L∗
n B
L
kB
L∗
n
(
ej{(αk−χk)−(αn−χn)} Iv + e
j{(αk−χk)−(αn−χn)} Vv)
(2.35)
where


Iv
Qv
Uv
Vv


=


∫
I(l,m)e−j2π(ul+vm)dl dm∫
Q(l,m)e−j2π(ul+vm)dl dm∫
U(l,m)e−j2π(ul+vm)dl dm∫
V (l,m)e−j2π(ul+vm)dl dm


(2.36)
The sources in this thesis have negligible circular polarization (Homan and Lister, 2006),
so we assume that Stokes V is zero in Equation (2.35). Therefore, Equation (2.35) can be
rewritten as
RRR(u, v) = gRk g
R∗
n B
R
k B
R∗
n e
−j{(αk−χk)−(αn−χn)}Iv
RRL(u, v) = gRk g
L∗
n B
R
k B
L∗
n
([
DRk e
j{(αk−χk)−(αn−χn)} +DL∗n e
−j{(αk−χk)−(αn−χn)}
]
Iv
+e−j{(αk−χk)+(αn−χn)}Qv + je
−j{(αk−χk)+(αn−χn)} Uv)
RLR(u, v) = gLk g
R∗
n B
L
kB
R∗
n
([
DLk e
−j{(αk−χk)−(αn−χn)} +DR∗n e
j{(αk−χk)−(αn−χn)}
]
Iv
+ej{(αk−χk)+(αn−χn)}Qv − jej{(αk−χk)+(αn−χn)} Uv)
RLL(u, v) = gLk g
L∗
n B
L
kB
L∗
n e
j{(αk−χk)−(αn−χn)}Iv
(2.37)
In the polarization calibration steps carried out in this thesis, one of the following assump-
tions is adopted for the polarization characteristics of the polarization calibrator (Kemball,
1999):
1. Linearly unpolarized calibrator: (Q,U) = 0.
2. Unresolved calibrator: (Q,U) = constant.
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3. Similarity approximation (Cotton, 1993): Q+ jU = βI.
4. Multi-component similarity approximation (Leppanen et al., 1995):
∑
k(Qk + jUk) =
βkIk, where the index k runs over the different components comprising the resolved
polarization calibrator.
At the polarization calibration stage, we already have an initial model of the calibrator from
the previous calibration steps. The above assumptions about the Stokes parameters, along
with Equation (2.37), constitute a system of equations to be solved jointly for the D-terms
and the Stokes visibilities, using the Stokes visibilities from the initial model as a starting
guess. This problem is solved iteratively in a linear least squares sense. The D-terms thus
obtained are then applied to the target source to produce the final map of the target source.
2.5.6 Image Formation
To form an intensity distribution from the observed visibility data in the narrow field case,
we can take the Fourier transform of the visibility data. The measured visibility can be
written as (Thompson et al., 2001)
Vmeas(u, v) = W (u, v)w(u, v)V(u, v) (2.38)
whereW (u, v) is the transfer function of the array, which is unity at points in the (u, v) plane
where a visibility measurement exists, and zero elsewhere, and w(u, v) is a suitably chosen
weighting factor. The Fourier transform of Equation (2.38) gives the measured intensity
(Thompson et al., 2001)
Imeas(l,m) = I(l,m) ∗ b0(l,m) (2.39)
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i.e., the measured intensity is the convolution of the true intensity with the synthesized
beam, which is the Fourier transform of the weighted transfer function:
b0(l,m) = F{w(u, v)W (u, v)} (2.40)
Assigning all visibility data the same weight w(u, v) = 1 is called natural weighting; this
maximizes the signal-to-noise ratio. However, this weighting scheme suffers from the disad-
vantage that the CLEAN beam (defined later in deconvolution section) has high sidelobes.
To alleviate this problem, uniform weighting can be used, in which the visibility data is
weighted by the reciprocal of the number density of visibility samples at each point in the
(u, v) plane.
2.5.7 Deconvolution
In radio-interferometric observations, the visibility space is incompletely sampled. In the
absence of complete information, we are free to assign any values to the unsampled regions
which result in a physically reasonable image when a Fourier Transform is performed on
the visibility data. We can impose a priori physically reasonable (regularizing) constraints
on the image, such as the fact that the intensity must be positive everywhere and that the
source must have limited spatial extent (Blahut, 2004).
The process of obtaining the most reasonable image from the limited visibility data
available is called deconvolution. In this thesis, the CLEAN algorithm (Ho¨gbom, 1974) is
used frequently, as is described briefly in the next part of this subsection.
CLEAN Algorithm
In the CLEAN deconvolution algorithm (Thompson et al., 2001; Cornwell et al., 1999;
Readhead et al., 1980; Schwab, 1984), to start, the Fourier transform of the visibility data is
computed . This is called the dirty map (Equation (2.39)). The response to a point source is
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computed by taking the Fourier transform of the weighted transfer function. This is called
the dirty beam (Equation (2.40)).
The highest amplitude point in the dirty map is identified, and a weighted dirty beam
centered at that point is subtracted from the dirty map. The weight is a fraction (called
the loop gain, typically a few tenths) of the amplitude of the point in the dirty map. The
position and amplitude of the subtracted component is recorded as a delta function at the
corresponding point in what will become the clean map. This step is repeated until all
significant source structure above the noise level is removed.
The clean map is then convolved with a clean beam. The clean beam is often a Gaussian
function with FWHM equal to the FWHM of the main lobe of the dirty beam. The residuals
from the component subtraction stage are then added back. This is the final synthesized
map.
For purposes of computational efficiency, in practice the above steps are usually carried
out in the visibility plane instead of the image plane (Clark, 1980; Schwab, 1984).
Self-Calibration and Hybrid Mapping
In self-calibration (Schwab, 1980; Cornwell and Wilkinson, 1981; Pearson and Readhead,
1984), the intensities and residual antenna gains are solved for jointly from the visibility mea-
surements. The goal is to minimize the squared difference between the gain-corrected model
visibilities Vmodelkn and the measured visibilities V
meas
kn , i.e., we minimize (Thompson et al.,
2001) ∑
time
∑
k<n
wkn|Vmeaskn −GkG∗nVmodelkn |2 (2.41)
where wkn is a suitably chosen weighting factor, often chosen to be inversely proportional to
the variance of Vmeaskn .
The procedure is to start with an initial trial map, usually a model obtained from
calibration-transfer from the calibrators, or a point source model when an initial model
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is unavailable, and obtain the corresponding visibilities by Fourier transformation. These
visibility values are then used to calculate the gains. These gains are then used to calibrate
the measured visibilities and a map is made by Fourier Transformation of these calibrated
visibilities. This map is deconvolved using the CLEAN algorithm and the regularizing con-
straints of positivity and limited spatial extent are imposed. This map is then used as the
trial map for the next iteration. This is continued till the process converges.
2.6 Technical Challenges of Millimeter VLBI
Polarimetry of Gravitational Lenses
Challenges encountered in millimeter VLBI observations of gravitational lenses are a com-
bination of the challenges of interferometry, VLBI, and wide-field imaging. Some of the
technical challenges are:
1. Limited source sample: Lenses are rare, so finding bright radio lenses to observe with
VLBI is not easy. Therefore, most observations are of faint sources.
2. Require high sensitivity : Lenses usually have low brightnesses, therefore, high sensi-
tivity is needed to observe them, which is difficult to achieve with VLBI at millimeter
wavelengths. Detection of lenses is a problem of detection of a signal in low SNR con-
ditions. As a result, the fringe-fitting step in the reduction needs to be done optimally
to detect lenses.
As an example, we consider our observations of the gravitational lens system B0218+357.
The RMS noise level is given by (Thompson et al., 2001)
σ =
SEFD√
∆t∆ν
(2.42)
where SEFD is the system equivalent flux density, ∆t is the averaging time and ∆ν
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is the bandwidth of the observations. Using the VLBA SEFD = 1436 Jy(1) at 43
GHz, ∆t = 30 seconds and ∆ν = 32 MHz, we obtain σ = 46 mJy. The flux density
of B0218+357 is 385 mJy in our observations, which yields an SNR ∼ 8. This is
significantly less than, for example, the corresponding SNR ∼ 23 at 5 GHz. The SNR
at 5 GHz is calculated by using the VLBA SEFD = 312 Jy(2) and a flux density
of 592 mJy (calculated from the corresponding flux density at 43 GHz and using the
relation S ∝ ν−0.2), which yields σ = 25 mJy.
3. Wide image separation: Gravitationally lensed images are widely separated in the sky.
Therefore, lensed components are observed jointly but have to be imaged separately
in different image subfields. For example, in 43 GHz VLBA observations of the gravi-
tational lens system B0218+357, the two images are separated by a distance equal to
nearly 2,000 times the synthesized beamwidth.
4. Frequency and time averaging : Given the wide image separation typical for gravi-
tational lenses, frequency and time averaging need to be handled carefully for such
observations.
Continuum radio observations are performed and averaged over a finite bandwidth
△ν, but the visibility data are Fourier Transformed as if all the data were taken at
the center frequency ν0. Frequency averaging smears the image by an angular extent
(Cotton, 1999)
δfreq−avg =
∆ν
ν0
√
l2 +m2 (2.43)
at a point situated at the angular position (l,m) w.r.t. the field center, where l and m
are direction cosines w.r.t. the uv coordinate system, ν0 is the center frequency and
∆ν is the bandwidth. This effect is called bandwidth smearing (Cotton, 1999).
1From http://www.vlba.nrao.edu/astro/obstatus/current/node7.html
2From http://www.vlba.nrao.edu/astro/obstatus/current/node7.html
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Visibility data are averaged over a time interval τa, and (u, v) values corresponding to
the middle of this interval are assigned to this averaged data. Time averaging smears
the image by an angular extent (Cotton, 1999)
δtime−avg = ωeτa
√
l2 +m2 (2.44)
at a point situated at the angular position (l,m) w.r.t. the field center, where ωe is the
angular velocity of earth’s rotation and τa is the averaging time. This effect is called
time-average smearing (Cotton, 1999).
5. Complex source structure: Lensed images are distorted by lensing and therefore have
complex structures. The deconvolution and imaging steps in the reduction must there-
fore be done with care.
6. Resolved polarization calibrators: Polarization calibrators are usually resolved at VLBI
resolution, complicating the process of polarization calibration. This makes polariza-
tion imaging of weak sources at high fidelity using VLBI difficult (Kemball, 1999).
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Chapter 3
High Dynamic Range VLBA Imaging
of B0218+357 at 43 GHz
In this section, we present high dynamic range images of the gravitational lens B0218+357
at 43 GHz obtained with an array comprising the VLBA1 and the Effelsberg telescope.
The auxiliary VLA calibration observations are presented in Section 3.1, and the VLBA
observations are presented in Section 3.2. The results are described in Section 3.3 and the
discussion in Section 3.4.
3.1 VLA observations and data reduction
VLA observations are needed to determine the flux density and absolute polarization electric
vector position angle (EVPA) of the VLBA polarization calibrator. This cannot be done
with the VLBA alone as this array does not directly measure the stable absolute phase offset
between right and left polarizations.
The VLA data reduction procedure is illustrated diagrammatically in Figure 3.1. These
archival observations were taken on October 13, 1997 under project code BK50. These
VLA observations were auxiliary to associated VLBA observations discussed in the follow-
ing section. The sources observed are B0218+357 (the lens), J0521+166 (3C 138, primary
calibrator), and J0303+472 and J0359+509 (secondary calibrators). The primary calibrator
J0521+166 is used for flux and EVPA calibration. The two intermediate frequency (IF)
bands were tuned to DC-edge frequencies 43.2149 GHz and 43.2649 GHz, each with a band-
width of 50 MHz. The data were correlated in continuum mode with a correlator integration
1http://www.vlba.nrao.edu/
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time of 10 seconds. Ten antennas were equipped with 7 mm receivers at that time, and the
array was in the CD configuration. The synthesized beamwidth in the C configuration is
0.47 arcsec and that in the D configuration 1.5 arcsec, therefore, the resolution in the CD
configuration is intermediate between these two values. Periodic reference pointing at a
lower frequency was used to augment the absolute pointing model; this is necessary for the
VLA at 43 GHz.
The data were reduced using the 31DEC04 release of AIPS2. The data were edited in
two separate ways. The first interval of each scan was discarded because it is known to be
frequently corrupted for the VLA. Then the data were flagged interactively by inspection to
remove outliers in the correlated amplitude lying 5σ beyond the running mean. The absolute
flux density was established using the Perley and Taylor model (Perley and Taylor, 1991).
After flagging, the data were calibrated in amplitude, phase, and polarization, and imaged
using standard VLA reduction practices (Greisen, 2003). A phase solution interval of 10
seconds was used. An image box was used around the brightest component in the resultant
images to determine the mean integrated flux density for each source in Stokes I, Q and U .
The derived flux densities are tabulated in Table 3.1. The electric vector position angles
(EVPAs), defined as (Conway and Kronberg, 1969)
χ =
1
2
tan−1
(
U
Q
)
, (3.1)
are tabulated in Table 3.2. The EVPAs are absolute EVPAs relative to an adopted EVPA
for J0521+166 of -14◦3 (Perley and Taylor, 1991).
In Table 3.1, the statistical error, σI , in the flux density is obtained from the error
reported by the AIPS task GETJY. Assuming the flux density values obtained at the two
IFs to be independent measurements of the same flux density value, an approximate error,
2http://www.aips.nrao.edu/
3From http://www.vla.nrao.edu/astro/calib/manual/polcal.html
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Flagging:
− First interval of each scan discarded
− Outliers removed interactively
Absolute flux density determined
from Perley and Taylor model
Calibration:
Amplitude, Phase, Polarization
Flux densities, Stokes 
using an image box around the
brightest component
 determined I,Q,U
I
CLEAN deconvolution
EVPA: tan−1 (U/Q)
Image Analysis: Flux density: Stokes 
χ = (1/2)
VLA data
Figure 3.1: VLA data reduction sequence
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ǫI , is also calculated from the inter-IF difference as
ǫI =
|IIF1 − IIF2|√
2
(3.2)
Similarly, in Table 3.2, assuming the EVPA values obtained at the two IFs to be inde-
pendent measurements of the same EVPA value, the error, ǫχ, is estimated from the inter-IF
difference as
ǫχ =
|χIF1 − χIF2|√
2
(3.3)
The flux densities we obtained for the lens and the secondary calibrators were compared
with the Metsa¨hovi single-dish flux densities reported by Tera¨sranta et al. (2004) at 37 GHz.
The flux densities were found to be in good agreement (Table 3.1).
Source name Measured flux densitya (Jy) Flux density
(J 2000) IF 1 IF 2 from literatureb
IIF1 σI,IF1 IIF2 σI,IF2 Imean ǫI Date I
J0521+166c 0.556 0.5524 0.5543
J0303+472 0.624 0.014 0.630 0.015 0.627 0.004 Nov. 29, 97 0.83 ± 0.19
J0359+509 4.657 0.086 4.658 0.081 4.658 0.001 Nov. 4, 97 4.67 ± 0.22
J0221+359d 0.387 0.020 0.383 0.020 0.385 0.002 Mar. 10, 98 0.74 ± 0.10
aFlux density and random error obtained from AIPS task GETJY
bFrom Tera¨sranta et al. (2004), at 37 GHz
cFlux densities obtained from http://www.vla.nrao.edu/astro/calib/manual/fluxscale.html
dThe lens B0218+357 in J2000 coordinates
Table 3.1: VLA flux densities obtained for project BK50. IIF1 and IIF2 are the values of the
flux density at the two IFs; and σI,IF1 and σI,IF2 are the corresponding errors. The error ǫI
is estimated from the inter-IF difference as described in the text.
3.2 VLBA observations and data reduction
VLBA observations of B0218+357 at 43 GHz were undertaken for 12 hours, from 3h-15h UT
on October 04, 1997 under project code BK50. The array comprised the ten VLBA antennas,
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Source name EVPA (degrees)
J 2000) χIF1 χIF2 χmean ǫχ
J0303+472 -38.83 -35.06 -36.95 2.67
J0359+509 -16.02 -20.44 -18.23 3.13
J0221+3594 48.88 47.26 48.07 1.15
Table 3.2: Electric vector position angles (EVPA) obtained from VLA project BK50. χIF1
and χIF2 are the values of the EVPA at the two IFs, with mean χmean. The error ǫχ is
estimated from the inter-IF difference as described in the text.
a single VLA antenna and the Effelsberg antenna. The source J0359+509 was observed for
flux and polarization calibration. The observations used dual-circular polarization recording
and 2-bit quantization. The data were taken over four IFs, of 8 MHz individual bandwidth
and correlated to produce 16 frequency channels per IF. The total recorded bandwidth was
32 MHz per polarization.
The data were reduced using the 31DEC07 version of AIPS, using techniques developed
by Kemball et al. (1995b) and Kemball et al. (2001), further refined below. The VLBA
data reduction procedure is illustrated diagrammatically in Figure 3.2. Only data with
autocorrelation weight greater than 0.975 were used in the reduction. The data were edited
on the basis of online flags from the telescope control system including known antenna slew
intervals. At 43 GHz, atmospheric effects are large at low elevations, therefore, data at
elevations less than 10◦ were excluded. The autocorrelation data were inspected and flagged
interactively to remove outliers which were more than 5σ away from the instantaneous
running mean. These autocorrelation flags were then applied to the cross-correlation data
also.
In an isothermal atmosphere model, the system temperature TS is given by
(Thompson et al., 2001):
TS = TR + Tat(1− e−τν ) + Tspill (3.4)
where TR is the receiver temperature, Tat is the atmospheric temperature, Tspill is the spillover
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VLBA data(lens + calibrator)
greater than threshold
Flagging:
On the basis of online flags,
low elevation, outliers
Receiver temperatures, zenith opacities determined 
Gain curves corrected for actual opacity
Amplitude calibration
Outliers removed in DIFMAP
Phase−only self−calibration,
Phase−only self−calibration
CLEAN deconvolution
Amplitude and phase self−calibration
multi−component similarity approximation(Leppanen et al., 1995)
Total intensity model of calibrator
Polarization calibration using 
Polarization calibration D−terms
Total intensity model for lens
2−bit quantization effects corrected,
Corrections median−smoothed
Bandpass corrections applied
R−L delay at reference antenna determined
Fringe−fit on 1 minute of calibrator data;
Obtained phase offsets used to align IFs 
Global multi−band fringe−fit on all IFs jointly
Separate out lens dataSeparate out calibrator data
centered on the two lensed images A and B
Fringe−fit using this model as starting input
Phase−only self−calibration
CLEAN deconvolution
Final total intensity model of lens
VLA observations of calibrator
Polarization map of lens Absolute EVPA from
Data selected with autocorrelation weight 
Figure 3.2: VLBA data reduction sequence.
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temperature, and τν is the optical depth and is proportional to the path length through the
atmosphere. In a plane-parallel atmosphere, we can assume τ = τ0 sec z, where z is the zenith
angle and τ0 is the zenith opacity. The integrated system temperature Ts at each antenna
is reported at 2 minute intervals throughout the observation period using a switched noise
calibrator. The error in the measured values of Ts is estimated to be ∼10% at 43 GHz
(Kemball and Richter, 2011).
Antenna Receiver
Temperaturea
(in K)
R L
BR 157 134
EB 105 100
FD 84 81
HN 134 124
KP 85 86
LA 82 97
MK 70 71
NL 110 98
OV 90 129
PT 80 81
SC 90 115
aThe uncertainty in the receiver temperature is ∼4 K, estimated as described in the text.
Table 3.3: Estimated receiver temperatures, derived from a fit to the radiative transfer
relation given by Equation (3.4), as implemented in AIPS task APCAL.
The VLBA separately provides a priori gain curve information, in the form of the point
source sensitivity (in Jy/K) as a function of zenith angle, corrected for τ = 0. This is
provided separately for each antenna and receptor polarization. When applied to actual
data, however, the gain curves need to be corrected for non-zero atmospheric opacity at
frequencies above ∼ 22 GHz. An a priori gain curve was not available for the single VLA
antenna at the time of these observations, and including this antenna produced amplitude
error signatures (an unphysical counterjet) in the total intensity image for the calibrator.
Unable to satisfactorily correct this error, we excluded the VLA data from our dataset during
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Antenna Receiver
Temperature
(in K)
R L
BR 122 112
EB 130 160
FD 85 81
HN 125 116
KP 83 85
LA 83 97
MK 73 81
NL 86 80
OV 89 126
PT 82 79
SC 89 113
Table 3.4: Receiver temperatures measured from from hot/cold load measurements, as pro-
vided in the a priori gain curve information as supplied by the VLBA project
reduction.
The atmospheric temperature, Tat, is the effective temperature of the atmosphere and is
estimated by a relation based on the measured ground air temperature (Leppa¨nen, 1993).
The spillover temperature, Tspill, is a function of elevation and is available in empirical
tabulated form based on analysis of VLBA calibration observations (Leppa¨nen, 1993).
The opacity at 43 GHz (λ = 7 mm) is affected by dry (e.g., CO2) and wet (e.g., water va-
por) atmospheric constituents (Thompson et al., 2001). Assuming an isothermal, constant,
plane-parallel model for the atmosphere, the receiver temperatures TR and zenith opacities
τ0 for this observing run were estimated by fitting the measured values of TS over time to
Equation (3.4) for each antenna, as implemented in AIPS task APCAL. The fitted values of
TR and τ0 are listed in Tables 3.3 and 3.5 respectively.
From hot/cold load service measurements, the values of the VLBA receiver temperatures
TR are periodically independently measured and the published values at the time of these
observations are tabulated in Table 3.4. These nominal values of the receiver temperature
were used if the APCAL fit was poor for a particular antenna and receptor polarization. A
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Antenna Zenith
Opacitya
R L
BR 0.097 0.102
EB 0.053 0.053
FD 0.077 0.076
HN 0.083 0.093
KP 0.055 0.055
LA 0.058 0.059
MK 0.030 0.029
NL 0.060 0.068
OV 0.077 0.079
PT 0.059 0.059
SC 0.131 0.152
aThe estimated uncertainty in the zenith opacity is ∼0.0023, estimated as described in the text.
Table 3.5: Fitted zenith opacities, obtained by fitting the radiative transfer model in Equa-
tion (3.4) using AIPS task APCAL.
poor fit to Equation (3.4) is possible if the implicit isothermal plane-parallel assumption is
violated by the actual atmospheric observing conditions at a given antenna over the course
of the observations. In this particular reduction, the fitted values were used for all antennas.
The error in the fitted receiver temperatures in Table 3.3 was estimated by calculating
the standard deviation of the difference of the fitted values of TR and the published values
obtained from hot/cold load measurements computed over all antennas and all receptor
polarizations, for those cases where a good solution was obtained fitting Equation 3.4. The
two methods of measuring TR are independent.
The error in the fitted zenith opacity values τ0 was estimated by calculating the sample
standard deviation of the difference in the values of τ0 independently fitted in the right and
left receptor polarizations computed over all antennas. The fitted zenith opacity at each
antenna should be the same for both receptor polarizations, thus constituting independent
measurements.
Amplitude calibration was then derived from the system temperature and gain curve
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information using Equation (2.33) :
Sc = bρ
√
Ts1Ts2
K1K2
where Sc is the correlated flux density, ρ is the correlation coefficient from the correlator,
Ts1 and Ts2 are the system temperatures at the two antennas, K1 and K2 are the opacity-
corrected gains (using the fitted τ = τ0 sec z) at the two antennas, and b is a constant factor
to correct for known digital signal processing losses and correlator scaling factors.
The 2-bit quantization sampler bias corrections were solved for from the mean amplitude
of the autocorrelation spectra (Kogan, 1993) over an averaging interval of 22.5 min. This
value of the solution interval was chosen to match the scan length of 22 min; the inter-scan
interval was 2 min. The corrections obtained were then smoothed using median filtering
over a 1.5 hour window to improve the SNR.
Bandpass corrections were determined by fitting the cross-power bandpass as a poly-
nomial function of amplitude and phase (see Equation (2.34)), and these corrections were
then applied. The R-L delay at the reference antenna at Los Alamos (LA) was deter-
mined from the cross-polarization data on a short baseline (LA-PT) to the reference antenna
(Brown et al. (1989), Kemball et al. (1995b)) using methods described in Section 2.5.3.
Single-band fringe-fitting was performed on a 1-minute segment of calibrator data and
the resulting phase and single-band delay offsets were used to align the IFs for the entire
observing run. A global multi-band fringe-fit was then performed on all the IFs jointly
(Schwab and Cotton, 1983) using a solution interval of 30 seconds.
An initial Stokes I total intensity model for the lens was obtained by performing several
iterations of hybrid mapping comprising a phase-only self-calibration step at a starting so-
lution interval of 3 min, and monotonically decreasing to a solution interval of 0.3 min at
the final iteration. An SNR cutoff of 3 was used for the calibration solutions, and a CLEAN
flux limit of σm was chosen for the subsequent CLEAN deconvolution steps, equal to the
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thermal sensitivity in mJy, given by (Wrobel and Walker, 1999):
σm =
SEFD√
NptsNIF∆tint∆νM
mJy, (3.5)
where Npts is the total number of visibility points, ∆tint is the integration time per visibility
(in seconds), NIF is the number of IFs, ∆νM is the IF bandwidth (in MHz), and SEFD is
the System Equivalent Flux Density, equal to 1436 Jy at 43 GHz5. A point source with a
flux density equal to the measured VLA value was used as the initial source model. CLEAN
deconvolution was performed using the Cotton-Schwab algorithm (Clark, 1980; Schwab,
1984) with subfields of size 256×256 at a pixel spacing 35 microarcsec (µas) centered on
each lens component A and B (as described earlier). The two subfield are separated by 310
mas in right ascension and 127 mas in declination. The global multi-band fringe-fit was
then repeated using this source model as an input in order to remove multiple peaks in
the fringe-rate spectrum caused by the widely-separated lensed components. The iterative
phase-only self-calibration step was then repeated, followed by CLEAN deconvolution in the
two sub-fields centered on the lensed images A and B, resulting in an improved total intensity
map. These steps of self-calibration followed by deconvolution were repeated several times,
to constitute several iterations of hybrid mapping.
The DIFMAP6 software package was used for hybrid mapping of the calibrator source
as this package is optimized for iterative self-calibration and imaging of VLBI data, and
allows iterative data editing (Shepherd, 1997). It could not be used for the lens data as
DIFMAP does not support sub-field imaging. In DIFMAP, outliers were removed from
the calibrator data and a total intensity map was obtained for the calibrator J0359+509 by
initial phase-only self-calibration, followed by joint amplitude and phase self-calibration and,
in turn, CLEAN deconvolution. Polarization calibration was performed in AIPS applying
the multi-component similarity approximation for the unknown linear polarization structure
5http://www.vlba.nrao.edu/astro/obstatus/current/node7.html
6http://www.atnf.csiro.au/people/jlovell/difmap/
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(Leppanen et al., 1995):
∑
k
(Qk + jUk) = βkIk (3.6)
where k denotes the source sub-component index. The calibrator was modeled as three sub-
components; the sub-component boundaries were determined empirically from a cluster anal-
ysis for the CLEAN component angular distribution using AIPS task CCEDT (Leppa¨nen,
1995).
The D-terms obtained from the polarization calibration are listed in Table 3.6. The errors
in D-terms arise from the thermal statistical noise in the visibility data, and the fact that the
polarization calibrator is not a point source and its polarization structure is unknown; the
3-component model is only an empirical approximation under the similarity method. The
errors in the derived D-terms were estimated by calculating the RMS of the D-terms over
the four IFs, for each antenna and each receptor polarization. This is a reasonable approach
to estimating the error since the D-term for a particular antenna and a particular receptor
polarization is approximately independent of the observation frequency (at 43 GHz) and to
first order should be the same for all IFs. The mean error over all antennas, all IFs, and
both receptor polarizations is also listed in Table 3.6.
The absolute EVPA from the calibrator, as determined from the VLA observations, was
used to establish the absolute EVPA in the aligned VLBI polarization map of J0359+509
shown in Figure 3.3. The polarization D-term corrections and absolute EVPA rotation angle
determined from the calibrator were then applied to the target gravitational lens B0218+357
data to produce the final VLBI polarization maps in Stokes {I, Q, U}.
3.3 Results
The final polarization maps of the two imaged sub-fields toward the gravitational lens
B0218+357 in Stokes {I, Q, U} are plotted in Stokes I in Figure 3.4 (a) and (b), with overlaid
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Antenna Polarization D-term Amplitude Error
IF 1 IF 2 IF 3 IF 4
BR R 0.046 0.043 0.043 0.046 0.0017
L 0.068 0.068 0.074 0.072 0.0030
EB R 0.290 0.295 0.303 0.297 0.0054
L 0.226 0.218 0.211 0.208 0.0080
FD R 0.006 0.007 0.007 0.008 0.0008
L 0.024 0.022 0.020 0.018 0.0026
HN R 0.070 0.073 0.069 0.075 0.0028
L 0.062 0.061 0.059 0.057 0.0022
KP R 0.001 0.003 0.005 0.002 0.0017
L 0.019 0.023 0.022 0.024 0.0022
LA R 0.078 0.079 0.080 0.080 0.0010
L 0.083 0.081 0.085 0.086 0.0022
MK R 0.006 0.005 0.002 0.004 0.0017
L 0.032 0.028 0.032 0.032 0.0020
NL R 0.040 0.042 0.039 0.041 0.0013
L 0.003 0.003 0.002 0.005 0.0013
OV R 0.001 0.003 0.002 0.007 0.0026
L 0.023 0.027 0.026 0.022 0.0024
PT R 0.011 0.011 0.009 0.007 0.0019
L 0.036 0.036 0.035 0.035 0.0006
SC R 0.031 0.030 0.035 0.035 0.0026
L 0.035 0.040 0.035 0.026 0.0058
Table 3.6: D-term amplitudes obtained from polarization calibration using J0359+509. The
errors are calculated by computing the sample standard deviation over all IFs. The average
error over all antennas and both receptor polarizations is 0.0025.
vectors at the orientation of the absolute EVPA, χ = 1
2
tan−1(U
Q
) of the linearly-polarized
emission and with a vector length proportional to linearly polarized intensity P =
√
Q2 + U2.
The B0218+357 images in P contours are shown separately in Figure 3.5 (a) and (b).
The core and jet components are labeled (A1, A2) in image A, and (B1, B2) in image B,
are shown in Figure 3.4 (a) and (b) respectively, following prior convention (Patnaik et al.,
1995). The flux densities of each of these sub-components is found by first fitting two
elliptical Gaussian components centered on the core and jet of the Stokes I images of A and
B. These Gaussian components in Stokes I are then used to separate out the emission due to
the core and jet, as multiplicative masks over the Stokes {I, Q, U} images of A and B. The
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Figure 3.3: VLBI polarization map of J0359+509 at 43 GHz. Stokes I is plotted at contour
levels of 32.071 × (-20, -10, -5, 5, 10, 20, 40, 60, 80, 100) mJy/beam. The vectors indicate
the direction of the electric vector position angle (EVPA) and the length of a vector is
proportional to the linearly polarized intensity, where 1 mas = 0.11905 Jy/beam.
summed intensities in Stokes I for each of the components (A1, A2, B1, B2) is then found
by integrating the total flux density inside a bounding box enclosing the masked Stokes I
image. This same bounding box is applied to the Stokes Q and U images to obtain the
masked flux densities in Stokes Q and U . These unscaled intensities are then normalized
relative to the elliptical Gaussian component fitted values.
The off-source RMS noise in each of Stokes {I, Q, U} is measured in a bounding box in a
region that is sufficiently far from both the source emission and the edges of the image. The
off-source RMS noise is reported by the AIPS task IMSTAT in brightness units of Jy/beam.
The noise in each of the components (A1, A2, B1, B2), in each of Stokes {I, Q, U}, is found
from Equation (A.5) (with slight change of notation):
σX =
√
nimage
nbeam
σbeam,X =
√
Nσbeam,X (3.7)
where σX is the sample standard deviation of noise in the image in Stokes X, where X ∈
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(a)
(b)
(c)
Figure 3.4: 43 GHz VLBA polarization maps of the images in the gravitational lens system B0218+357: (a) Image A:
Stokes I is plotted at contour levels of 15.05 × (-20, -10, -5, -2, -1, -0.5, -0.3, -0.1, 0.1, 0.3, 0.5, 1, 2, 5, 7, 10, 20, 40, 60, 80, 100)
mJy/beam. The vectors indicate the direction of the linearly polarized electric field and the length of a vector is proportional
to the linearly polarized intensity, where 1 mas = 14.286 mJy/beam. (b) Image B: Stokes I contour levels are at 03.742 × (-20,
-10, -5, -2, -1, -0.5, -0.3, -0.1, 0.1, 0.3, 0.5, 1, 2, 5, 7, 10, 20, 40, 60, 80, 100) mJy/beam, and 1 mas = 2.8571 mJy/beam for
the polarization vectors. (c) Transformed image A: Stokes I contour levels are at 0.3819 × (-20, -10, -5, -2, -1, -0.5, -0.2, -0.07,
0.07, 0.2, 0.5, 1, 2, 5, 10, 20, 40, 60, 80, 100) mJy/beam, and 1 mas = 14.286 mJy/beam for the polarization vectors.
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(a)
(b)
(c)
Figure 3.5: 43 GHz VLBA polarized intensity maps of the images in the gravitational lens system B0218+357: (a) Image
A: Polarized intensity is plotted at contour levels of 1.442 × (-20, -10, -5, -3, -2, -1.25, -1, -0.65, 0.65, 1, 1.25, 2, 3, 5, 10, 20,
40, 60, 80, 100) mJy/beam. (b) Image B: Polarized intensity contour levels are at 0.2975 × (-20, -10, -5, -2.5, 2.5, 3, 5, 10, 20,
40, 60, 80, 100) mJy/beam. (c) Transformed image A: Polarized intensity contour levels are at 1.484 × (-20, -10, -5, -3, -2, -1,
-0.7, 0.7, 1, 2, 3, 5, 10, 20, 40, 60, 80, 100) mJy/beam.
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{I, Q, U}, σbeam,X is the sample standard deviation of noise in a restoring beam in Stokes
X, nimage is the number of pixels in the bounding box used to find the total flux density of
the component, nbeam is the restoring beam area in pixels, and N =
nimage
nbeam
is the number of
synthesized beams in the bounding box.
From the fitted center positions of the elliptical Gaussian components (A1, A2, B1, B2)
obtained by the AIPS task JMFIT as described above, the angular distance between two
close components with celestial coordinates (α1, δ1) and (α2, δ2) is calculated from
d =
√
(α1 − α2)2 cos2(δ1) + (δ1 − δ2)2. (3.8)
The angular distance between two components in the same image field can equivalently be
found from their tangent-plane pixel coordinates (x1, y1) and (x2, y2) (reported by JMFIT),
using the relationship
d = ∆s
√
(x1 − x2)2 + (y1 − y2)2 , (3.9)
where ∆s is the pixel separation in arcseconds.
The error in the angular distance between two components is found by propagating the
errors in the variables in Equation (3.9). The resultant expression for the error in this
distance is
σd = ∆s
√
(x1 − x2)2(σ2x1 + σ2x2) + (y1 − y2)2(σ2y1 + σ2y2)
(x1 − x2)2 + (y1 − y2)2 (3.10)
Making the substitutions x1−x2 = ∆s(α1−α2) cos(δ1) and y1− y2 = ∆s(δ1− δ2), Equation
(3.10) can be rewritten as
σd = ∆s
√
(α1 − α2)2 cos2(δ1)(σ2x1 + σ2x2) + (δ1 − δ2)2(σ2y1 + σ2y2)
(α1 − α2)2 cos2(δ1) + (δ1 − δ2)2 (3.11)
The angular distances between the image components and the errors in these distances for
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the image component pairs (A1,A2), (B1,B2) and (A1,B1) are listed in Table 3.7.
The position angle (measured N through W) of the line joining two close image compo-
nents with celestial coordinates (α1, δ1) and (α2, δ2) is calculated as
φ = tan−1
[
δ1 − δ2
(α1 − α2) cos(δ1)
]
(3.12)
or equivalently from their pixel coordinates (x1, y1) and (x2, y2) (reported by JMFIT), as
φ = tan−1
(
y1 − y2
x1 − x2
)
(3.13)
The error in the position angle of the line joining two components is found by propagating
the errors in the variables in Equation (3.9). The resultant expression for the error in this
angle is
σφ =
√
(x1 − x2)2(σ2y1 + σ2y2) + (y1 − y2)2(σ2x1 + σ2x2)
(x1 − x2)2 + (y1 − y2)2 (3.14)
Making the substitutions x1−x2 = ∆s(α1−α2) cos(δ1) and y1− y2 = ∆s(δ1− δ2), Equation
(3.14) can be rewritten as
σφ = ∆s
√
(α1 − α2)2 cos2(δ1)(σ2y1 + σ2y2) + (δ1 − δ2)2(σ2x1 + σ2x2)
(α1 − α2)2 cos2(δ1) + (δ1 − δ2)2 (3.15)
If φA and φB be the position angles of the core-jet axis in images A and B, then the difference
in the orientations of the core-jet axis in the two images is φA−B = φA − φB. The error in
the difference in the orientations of the core-jet axis in the two images is found by adding
the differences in the individual position angles in quadrature: σφA−B =
√
σ2φA + σ
2
φB
. The
orientations of the core-jet axis in the two images, the position angle of the line joining the
cores, the difference in angle between the two orientations, and the errors in these quantities
are tabulated in Table 3.8.
The flux density for each component is simply given by the summed Stokes I intensity
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Image Component Angular Separation Error,
Pair d (in mas) σd (in mas)
A1-A2 1.48 0.031
B1-B2 1.49 0.027
A1-B1 334.36 0.005
Table 3.7: Angular separations of the lensed image components.
Image Component Position Angle, Error,
Pair φ (in degrees) σφ (in degrees)
A1-A2 46 5.1
B1-B2 92 4.7
A1-B1 68 1.1
(B1-B2)-(A1-A2) 46 6.9
Table 3.8: Position angles of the lensed image components.
computed as described above, and the error in the flux density is σI , given by Equation
(3.7). These values are listed in Table 3.9.
Image Component Flux Density, Error,
I (in mJy) σI (in mJy)
A1 207 0.7
A2 90 1.5
B1 54 0.5
B2 33 0.8
Table 3.9: Flux densities of the lensed image components.
The magnification ratio of two components with total intensities I1 and I2 is given by
µ =
I1
I2
(3.16)
The error in the magnification ratio is found by propagating the errors I1 and I2 in Equation
(3.16). The resultant expression for the sample standard deviation of the magnification ratio
is
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σµ = µ
√(
σI1
I1
)2
+
(
σI2
I2
)2
(3.17)
The values of the magnification ratios IA1/IB1 and IA2/IB2 and the errors in these quantities
are given in Table 3.10.
Image Component Magnification Ratio, Error,
µ σµ
A1/B1 3.80 0.04
A2/B2 2.77 0.08
Table 3.10: Magnification ratios of the lensed image components.
The polarized flux density is given by P =
√
Q2 + U2 (Thompson et al., 2001) and the
fractional polarization is given by
m =
P
I
=
√
Q2 + U2
I
(3.18)
The error in the fractional polarization is found by propagating the errors in Q and U in
Equation (3.6). The resultant expression for the sample standard deviation of the fractional
polarization is
σm = m
√(σQU
P
)2
+
(σI
I
)2
(3.19)
where σQU =
√
σQσU , assuming σQ ≈ σU , and σQ and σU are computed from Equation (3.7)
applied to the Stokes Q and U images. The fractional polarization and the error in the
fractional polarization for each image component are listed in Table 3.11.
The percentage polarizations of the images A and B from VLA observations have been
previously measured to generally increase with frequency, as illustrated in Table 1.8 and
Figure 1.9. Figure 3.6 shows the fractional polarization values obtained in these observations
plotted jointly with VLBI fractional polarization values available from the literature (as
tabulated in Table 1.9). Comparing with the 8.4 GHz observations of Kemball et al. (2001),
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Image Component Fractional Error,
Polarization, m σm
A1 0.09 0.002
A2 0.05 0.010
B1 0.07 0.008
B2 0.03 0.018
Table 3.11: Values of fractional polarization for the lensed image components.
we find that the percentage polarization of the core A1 in our 43 GHz observations follows
this trend, but the core component B1 violates this trend.
The EVPA is given by
χ =
1
2
tan−1
(
U
Q
)
(3.20)
The error in the EVPA is found by propagating the errors in Q and U in Equation (3.20).
The resultant expression for the sample standard deviation of the EVPA is (Heald et al.,
2009)
σχ =
1
2
σQU
P
. (3.21)
We expect no nπ ambiguity in the EVPAs at 43 GHz, so the differential rotation measure
can be calculated as:
χA − χB = RMABλ2 , (3.22)
where χA and χB are the EVPAs of corresponding components in images A and B, RMAB is
the differential rotation measure between these components, and λ = 7 mm is the frequency
of observation.
The error in the differential rotation measure is found by propagating the errors in χA
and χB in Equation (3.22) to yield
σRMAB =
√
σχ2A + σχ2B
λ2
(3.23)
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Figure 3.6: Values of fractional polarization obtained at 43 GHz in this thesis plotted along
with with previously measured values (tabulated in Table 1.9) at other frequencies. The
values at 8.4 GHz are taken from Kemball et al. (2001) and Biggs et al. (2003).
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The EVPAs and rotation measures and their associated errors for the lensed image com-
ponents are listed in Table 3.12. From these values, the differential Rotation Measure be-
tween components A1 and B1 is determined to be 1076±1070 rad/m2, which agrees with the
rotation measures derived earlier from VLA (Table 1.2) and VLBI (Table 1.3) observations.
The high uncertainty in the derived RM is due to the low value of the predicted EVPA
difference at λ = 7 mm relative to the measurement error.
Image Component EVPA, Error in EVPA, Differential Error in Differential
Rotation Measure, Rotation Measure,
χ (in degrees) σχ (in degrees) RMAB (in rad/m
2) σRMAB (in rad/m
2)
A1 47 0.7 1076 1070
B1 44 2.9
A2 32 5.4 -5737 6567
B2 48 17.5
Table 3.12: EVPAs and differential rotation measures for the lensed image components.
From Equation (3.22), we expect the difference in EVPA between gravitationally lensed
images of the same source to approach zero as the frequency of observation increases. This
is noted in these 43 GHz observations; the difference in EVPAs between image components
A1 and B1 in Table 3.12 is 3 ± 3 degrees. For this reason, high-frequency observations are
particularly well-suited for verifying the expected invariance of polarization properties under
gravitational lensing. Radio observations at frequencies higher than 43 GHz, and optical
polarization observations of gravitational lenses can be useful in further verification of the
general relativistic prediction of invariance of polarization properties under gravitational
lensing. However, optical polarization observations of gravitational lenses have not been
able to constrain EVPAs or RMs accurately, primarily due to instrumental limitations. For
example, Dolan et al. (1995) found the EVPA of image A in Q0957+561 to be 5 ± 22 degrees
in HST observations in the ultraviolet, and Chae et al. (2001) calculated the RM of image D
in the gravitational lens system H1413+1143 to be (2.0±0.4)×1012 rad/m2, a value 8 orders
of magnitude higher larger than the highest known values for extragalactic radio sources.
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3.4 Discussion
The 43 GHz observations of the gravitational lens system B0218+357 presented in this chap-
ter yield polarization maps of this lens at unprecedented angular resolution. Propagation
effects such as scattering, free-free absorption and Faraday rotation affecting observations
at lower frequencies are minimized at 43 GHz. This allows us to study this system without
having to correct for propagation effects, which may be poorly modeled.
The total intensity morphologies of images A and B in Figures 3.4 (a) and (b) closely
follow the morphologies seen in earlier VLBI observations at lower frequencies (Kemball et al.
(2001), Biggs et al. (2003), Mittal et al. (2006) at 8.4 GHz; Patnaik et al. (1995), Mittal et al.
(2006) at 15 GHz). At 8 GHz, Biggs et al. (2003) detect more faint jet structure and com-
ponents due to the higher brightness temperature sensitivity of their global VLBI array.
The component separations A1-B1, A2-B2, and A1-B1 from the current work are listed in
Table 3.7; these are in excellent agreement with the 8.4 GHz results of Kemball et al. (2001),
confirming that the same components are being observed in both these studies.
From Table 3.7, we note that the core-jet component separations A1-A2 and B1-B2 are
equal in both the images. From the surface brightness conservation property of gravitational
lensing (explained in section 1.1), this implies that the magnification/demagnification in
images A/B is entirely due to stretching/shrinking in the direction perpendicular to the
core-jet axis. Assuming an isothermal mass distribution (Schneider et al., 1992) for the
lens (following Mittal et al. (2007)), the fact that the core-jet separation is equal in both
images suggests that the core-jet axis in both images is directed radially away from the
center of the lens mass distribution, since absence of radial magnification is characteristic of
isothermal lens mass distributions. The jet component A2 in image A is clearly stretched
in the direction perpendicular to the A1-A2 axis, which, along with the absence of radial
magnification, implies that purely tangential magnification occurs in this lens system. These
observations confirm that the assumption of an isothermal lens model is reasonable.
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From Table 3.11, we note that the values of the fractional polarization of the core com-
ponents are high, 9% for A1 and 7% for B1. This suggests that the source is a BL Lac object
rather than a quasar, as noted earlier by Kemball et al. (2001), because BL Lac objects have
been observed to have higher core polarizations compared to quasars (Gabuzda et al., 1992;
Cawthorne et al., 1993). We note however that the fractional polarizations for this system
are high even for a BL Lac object.
The atypically high fractional polarizations of the components can be explained by hy-
pothesizing that for source components near a critical curve in the lens plane, lensing greatly
magnifies a small region of the source, and we observe a magnified image of a small source
region, which ameliorates the effects of spatial depolarization (vector averaging of regions
with different complex polarizations), leading to a higher fractional polarization than might
be observed in surveys of unlensed radio sources cited above.
The gravitational lens hypothesis is validated by the expected parity reversal (explained
in Section 1.1) observed in the total intensity maps of the two images in Figures 3.4 (a) and
(b). The elongated feature to the south of the jet component B1 in image B appears to
the north of component A2 in image A. The hint of opposite senses of curvature noted by
Patnaik et al. (1995) in their 15 GHz data is very prominently seen in these higher resolution
maps at 43 GHz; there is an anticlockwise bending of the jet axis from A1 to A2 in image A
and a corresponding clockwise bending from B1 to B2 in image B. This opposite curvature
effect is further illustrated in Figure 3.7 in which three corresponding points in the two images
are identified for the purpose of calculating the magnification matrix. It is clearly seen that
point 3 lies on opposite sides of the line joining points 1 and 2 in the two images. Parity
reversal is further confirmed by the fact that the determinant of the differential magnification
matrix (derived later in this section) for these two images is negative.
The expected polarization invariance under gravitational lensing (Dyer and Shaver, 1992;
Faraoni, 1993) is clearly illustrated by the high resolution maps in Figure 3.4 (a) and (b)
which show the polarization structure in fine-scale detail. In both images, we note that the
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polarization vectors in the entire region from the core to the jet are directed at 45◦ on the
plane of the sky (N through W). The jet has additional structure; there is a polarization
feature with the polarization vectors aligned in the north-south direction passing through the
jet components in both images. From Table 3.11, we note that the fractional polarizations
of corresponding components in the two images are roughly equal. These observations verify
the expected invariance of the EVPA and the fractional polarization under gravitational
lensing.
Comparing the total intensity maps in Figure 3.4 with the polarized intensity maps in
Figure 3.5, we note that while the peaks of the total intensities and fractional polarizations
coincide for the core components A1 and B1, they do not coincide for the jet components A2
and B2. This is not surprising when we examine the polarization structure in Figure 3.4; the
EVPA changes direction at the location of the total intensity peaks of the jet components
B1 and B2, therefore the total intensity peaks correspond to very low values of polarized
intensities in the polarized intensity maps due to spatial averaging.
Corresponding approximate counterpart features in the Stokes I maps of images A and
B were identified by visual inspection and are shown in Figure 3.7. Using these three
corresponding points, the affine transformation relating image A and B was determined in
MATLAB7. An affine transformation between two images is a transformation of the form
y = Mx + b (3.24)
where x is the position vector of a point in the input image, y is the position vector of a
point in the output image, M is a 2×2 matrix, and b is a 2×1 vector.
The vector b is a translation vector which represents the relative position offset of the
two images, and the matrixM is a linear transformation matrix, which describes the scaling
and rotation of the two images relative to each other. To find the 6 unknowns (four elements
7http://www.mathworks.com/products/matlab/
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of M and two elements of b) describing the affine transformation given by Equation (3.24),
we need to identify three pairs of corresponding points in each of these images, in order
to provide a set of six simultaneous equations to be solved jointly for the six unknowns
describing the affine transformation. As noted above, two pairs of corresponding points,
labeled 1 and 2 in the images in Figure 3.7, were easily identified, corresponding to the
centers of the core (A1 and B1) and jet (A2 and B2) in images A and B, respectively. The
third point was chosen by visual inspection; point 3 appears as an identifiable feature in
both images, as the center of a closed contour defining a jet subcomponent.
From the resulting fit, the differential magnification matrix for transforming image A to
image B was found to be
M =MA→B =

 1.1688 0.2815
0.3189 −0.3648

 (3.25)
The differential magnification factor is µ = det(M) = −0.516. Thus, the two brightest
images have opposite parity, as expected from gravitational lens theory.
Figure 3.7: Identification of corresponding features in the two images for the purpose of
calculating the differential magnification matrix: A(left), B(right).
The transformed image A using the differential magnification matrix is shown in Figure
3.4 (c), and the corresponding polarized intensity map is shown in Figure 3.5 (c). The maps
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of image B and the transformed image A appear to agree on inspection.
The differential magnification ratio µA/B has been observed to increase with frequency
(Mittal et al., 2007), as illustrated in Table 1.5 (and associated Figure 1.7) for VLA obser-
vations and Table 1.6 (and associated Figure 1.8) for VLBI observations. In Figure 3.8,
the magnification ratio obtained from the current observations is plotted jointly with values
measured at other frequencies (tabulated in Table 1.6) using VLBI. This behavior is unex-
pected in first order given the achromaticity of gravitational lensing. Also, this flux density
ratio is not exactly equal to the determinant of the matrix for transforming image B to
image A (1.94). This could be because a single affine transformation does not fully model
the entire image A to image B region; the transformation matrix may depend more strongly
on position than assumed here. This is supported by the fact that the jet component A2
is seen to be much more tangentially stretched than the corresponding jet component B2,
whereas the core components A1 and B1 agree more closely morphologically.
Possible reasons for the anomalous variation of magnification ratio with frequency in this
lens system have been suggested to be scatter-broadening (Biggs et al., 2003) and free-free
absorption (Mittal et al., 2007). We now describe these two phenomena and investigate
these effects for our data.
Refractive scattering of background radiation occurs when turbulence in the intervening
magneto-ionic medium (the lens in this case) introduces inhomogeneities in the medium.
This leads to scatter-broadening of the background source; a point source is observed as a
circular disk of angular radius θ in the scattering plane (the lens in this case). The observed
scattering angle is θ, and the true scattering angle is (Mittal et al., 2007)
θˆ =
Ds
Dls
θ (3.26)
where Ds and Dls are the angular diameter distances to the source and between the lens
and source, respectively.
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Figure 3.8: Values of differential magnification obtained at 43 GHz in this thesis plotted
along with previously measured values (tabulated in Table 1.6) at other frequencies.
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By fitting Gaussian functions (using the AIPS task JMFIT) to the lensed components,
we obtain the values of the major and minor axes, a and b, and then calculate the equivalent
circular size
√
a× b. Following Mittal et al. (2007), we assume a magnification ratio of 2 for
image A and a demagnification ratio of 0.5 for image B, and calculate the back-projected
circular sizes of the components, i.e., the sizes that would be observed in the absence of
lensing. We assume, following Biggs et al. (2003) and Mittal et al. (2007), that image B
is largely unaffected by propagation effects (see Section 1.3); therefore, the back-projected
equivalent circular size θB of image B represents the true source size and θA, the back-
projected equivalent circular size of image A, is the scattered broadened size. The quadratic
difference between the scatter-broadened and true back-projected sizes gives the observed
scattering angle
θ =
√
θ2A − θ2B (3.27)
For a homogeneous scattering screen, the scattering strength is quantified by the Scat-
tering Measure (SM), which is the integrated electron density distribution turbulence along
the line of sight (Mittal et al. (2007), based on the formulation of Walker (1998, 2001)):
SM =
[
1.6× 10−2
(
θˆ
mas
)(
ν ′
GHz
)2.2]5/3
kpc m−20/3 (3.28)
where ν ′ = ν(1 + zl) is the frequency at the redshift zl of the lens galaxy and θˆ is the true
scattering angle defined in Equation (5.1).
On calculating the equivalent back-projected circular sizes of the lensed image compo-
nents A1 and B1 from fitting Gaussians to these components, we find that the equivalent
back-projected circular size of B1 is greater than the corresponding size of A1. Therefore,
we cannot estimate the observed scattering angle using Equation (3.27).
Free-free absorption of background radiation occurs when photons from the background
radiation are absorbed by electrons in the intervening magneto-ionic medium (the lens in this
case), causing the electrons to move to a higher continuum energy state. To investigate if
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free-free absorption can explain the anomalous flux density ratios in B0218+357, Mittal et al.
(2007) assume that there is a giant HII region in the lens in front of image A, covering it
entirely. They assume that this HII region is in Local Thermodynamic Equilibrium, has a
homogeneous electron density, and a temperature in the range 4000 K - 10,000 K (this range
covers the entire range of temperatures estimated for Galactic and extragalactic HII regions
(Osterbrock, 1974)). If the intensity of the background radiation is I0, then the intensity
after free-free absorption is given by (Mittal et al., 2007)
Iff (ν, τ) = I0(ν)e
−τff (ν) , (3.29)
where τff is the optical depth and is given by (Mittal et al., 2007)
τff = 3.19× 10−7
(
Te
104K
)−1.35(
EM
cm−6pc
)(
ν ′
GHz
)−2.1
(3.30)
where Te is the electron temperature, ν
′ = ν(1+ zl) is the frequency at the redshift zl of the
lens galaxy, and EM = n2eL is the Emission Measure, where ne is the electron density in the
HII region and L is the depth of the HII region.
Mittal et al. (2007) performed lens modeling to predict the true flux densities of image
A at their frequencies of observation (1.65 GHz - 15 GHz), using the flux densities of image
B which they assumed to be free of any propagation effects such as free-free absorption.
They obtained roughly the same value, ∼ 3.87, for the flux density ratio of the modeled
image A to the observed image B at all frequencies. This is also equal to the flux density
ratio of the observed image A to the observed image B for their 15 GHz observations, which
lead these authors to conclude that free-free absorption is negligible in their 15 GHz data.
The observed flux density ratio for our 43 GHz observations is 3.80 ± 0.04, very close to
the modeled magnification ratio of 3.87. Therefore, we conclude that free-free absorption is
negligible at 43 GHz too. More generally, since the flux density is noted to be constant over
the range 15 GHz - 43 GHz, we can conclude that the effects of free-free absorption in this
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lens system are negligible at frequencies ≥ 15 GHz, as expected.
In conclusion, we find that there is neither scattering nor free-free absorption are signif-
icant in the gravitational lens-system B0218+357 at 43 GHz. This is not surprising, since
such propagation effects are largely absent at high frequencies.
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Chapter 4
Radio Polarization Properties of a
Sample of Gravitational Lens Systems
at Multiple Frequencies
4.1 Introduction
In this chapter, we present linear polarization observations of a sample of nine gravitational
lens systems over multiple frequency bands conducted with the Very Large Array (VLA1;
NRAO2). The aim of these observations is to understand the polarization properties of lens
systems as a population. Preliminary results obtained from an early analysis of the same
data have been published by Patnaik et al. (2001). In this thesis we present an independent
and more complete analysis and reduction of the data, without reference to earlier image
products.
Radio polarimetry of gravitational lenses is very useful scientifically for several reasons.
In lens systems, Faraday rotation of the electric vector position angle (EVPA) of the lensed
emission is caused by the interaction of the electromagnetic radiation with the magneto-ionic
medium through which it is traveling, as quantified by the Rotation Measure (RM) (Section
1.1). The absolute RM provides information about the properties of both the host medium
of the source and the lens, while the differential RM between two lensed images provides
information about the lensing medium alone.
As described in 1.2, EVPA and percentage linear polarization are not significantly affected
by lensing (Dyer and Shaver, 1992; Faraoni, 1993), after subtracting the effects of Faraday
rotation in the lensing medium. Therefore, Faraday rotation-corrected lensed images provide
1http://www.vla.nrao.edu/
2The National Radio Astronomy Observatory is a facility of the National Science Foundation, operated
under cooperative agreement by Associated Universities, Inc.
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independent observations of the same lensed source, so increasing the robustness of the results
obtained for the lensed source.
Lensed sources often show unusually high fractional linear polarization (see, e.g.,
Kemball et al. (2001)), as compared to fractional linear polarizations reported in surveys of
extragalactic radio sources (Gabuzda et al., 1992; Cawthorne et al., 1993). Kemball et al.
(2001) suggest that this might be due to gravitational lensing causing magnification of a
small, highly polarized region, and therefore minimizing depolarization effects due to spatial
blending. However, both the significance and origin of this effect remain an open scientific
question.
Lensed sources detected in radio surveys are often extragalactic quasars or BL Lac ob-
jects, which contain an Active Galactic Nucleus (AGN) (Burke et al., 1992; Browne et al.,
2003). Compact AGNs exhibit linearly polarized radio emission from synchrotron processes
in relativistic shocks (Saikia and Salter, 1988). Also, radio observations of lensed sources
are largely unaffected by extinction in the lensed galaxy, a problem that affects optical ob-
servations significantly. Therefore, radio surveys are especially well-suited to a systematic
study of polarization properties of gravitational lens systems.
The goals of these observations are to study the arcsecond-level linear polarization mor-
phology of the lens sample at multiple frequencies; to study the variation of the total in-
tensity, percentage polarization, and electric vector position angle (EVPA) with frequency;
and to determine the Rotation Measures (RMs) associated with the lensed images in order
to study the properties of the interstellar in the individual lensing galaxies.
In Section 4.2, we describe the observations, and in Section 4.3, we discuss the properties
of each of the nine gravitational lens systems observed and studied. The data reduction
procedure is described in Section 4.4. The results are presented in Section 4.5, and the
discussion in Section 4.6.
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4.2 Observations
Multi-frequency VLA observations of a sample of nine gravitational lens systems were un-
dertaken on May 22-23, 1998, over a total observing time of 24 hours under project code
AP366. The list of lens systems and their associated phase calibrator sources is given in
Table 4.1; in addition, the source 3C286 (B1328+307) was observed as an absolute ampli-
tude and EVPA calibrator. The observations were scheduled as interleaved snapshot scans
multiplexed between the different sources and frequencies. The observations were made in
the VLA L, C, X, U, K and Q bands.
Gravitational Lens System Corresponding Phase Calibrator
PKS 1830-211 B1908-201
B1938+666 B1926+611
MG 2016+112 B2029+121
MG 0414+0534 B0420-014
B0218+357 B0234+285
Q0957+561 B0917+624
B1422+231 B1404+286
B1600+434 B1611+343
B1608+656 B1637+574
Table 4.1: The observed gravitational lens systems and their associated phase calibrator
sources
The VLA was in the A configuration, with 27 participating antennas. The angular reso-
lution of the array in this configuration is enumerated for the different observing frequencies
in Table 4.2. The correlator integration time was 5 seconds and two IFs of bandwidth 50
MHz were recorded, in single-channel continuum mode. Table 4.3 summarizes the frequency
bands in which each of the lens systems was observed.
4.3 Sample Properties
In this section, we provide a literature review for the gravitational lens systems in the current
sample enumerated in Table 4.1.
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Frequency Band Frequency (GHz) Wavelength (cm) Synthesized Beamwidtha (mas)
L 1.5 20 1400
C 5 6 400
X 8.4 3.6 240
U 15 2 150
K 22 1.3 80
Q 43 0.7 50
aEstimated from a full 12 hour synthesis observation of a source which passes close to the zenith. The
map is uniformly weighted and untapered.
Table 4.2: Resolution of the VLA in A configuration at different frequencies (from
http://www.vla.nrao.edu/astro/guides/vlas/current/node10.html). The value at U band
was unavailable and was calculated as the weighted mean between the values at X and K
bands.
Gravitational Frequency band
Lens System L C X U K Q
1.5 GHz 5 GHz 8.4 GHz 15 GHz 22 GHz 43 GHz
PKS 1830-211
√ √ √ √ √
B1938+666
√ √ √ √
MG 2016+112
√ √ √ √ √
MG 0414+0534
√ √ √ √ √
B0218+357
√ √ √ √
Q0957+561
√ √ √ √ √
B1422+231
√ √ √ √ √
B1600+434
√ √ √ √
B1608+656
√ √ √ √ √
Table 4.3: The frequency bands at which the gravitational lens systems are observed, marked
by an ‘
√
’.
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4.3.1 PKS 1830-211
PKS 1830-211 was proposed to be a gravitational lens system by
Pramesh Rao and Subrahmanyan (1988), on the basis of morphology revealed by VLA ob-
servations. These authors found that this system consists of two images, a northeast (NE)
image, and a southwest (SW) image, separated by an angular distance of∼ 1′′ . Lidman et al.
(1999) determined the redshift of the lensed source to be ∼ 2.51, from infrared Hα emission-
line spectroscopy.
This gravitational lens system is believed to contain multiple lenses. The primary lensing
galaxy is an almost face-on spiral galaxy (Winn et al., 2002). Several molecular species are
detected in its spectrum, and molecular absorption line spectroscopy yields a redshift of 0.886
(Wiklind and Combes, 1996; Gerin et al., 1997; Henkel et al., 2008; Muller and Gue´lin, 2008;
Menten et al., 2008; Bottinelli et al., 2009). HI absorption has also been observed along the
line of sight toward the NE image at a redshift of 0.19, which suggests the presence of
a secondary lensing galaxy at this redshift (Lovell et al., 1996). The line of sight toward
the SW image is believed to pass through one of the spiral arms of the primary lensing
galaxy (Winn et al., 2002); several molecular absorption lines have been observed towards
this image (Frye et al., 1997; Menten et al., 1999; Muller et al., 2006).
On the basis of VLBA observations and the fact that the line of sight to this lens system
passes close to the Galactic center through a crowded region, Jones et al. (1996) suggest that
the images suffer interstellar broadening in our Galaxy. However, from an analysis of VLBA
observations that show that the size of the two components vary differently with frequency,
and the fact that the angular separation between the images is small, Guirado et al. (1999)
argue that the scattering takes place in the lensing galaxy and not in our Galaxy. In near-
IR observations with Keck3 and European Southern Observatory (ESO4) MPI 2.2 m(5)
telescopes, Courbin et al. (1998) found the optical counterparts of the radio images to be
3http://www.keckobservatory.org/
4http://www.eso.org
5http://www.eso.org/sci/facilities/lasilla/telescopes/2p2/
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very red, which led them to suggest that strong Galactic absorption is present in this system,
as well as absorption by the lensing galaxy. The molecular hydrogen column density along the
line of sight is of order ∼ 1022 cm−2, measured both in molecular absorption studies at radio
wavelengths (Wiklind and Combes, 1996), and in X-ray spectral studies (Mathur and Nair,
1997; Oshima et al., 2001).
From VLA observations of this system by Subrahmanyan et al. (1990) at 5, 15 and 22
GHz, the differential rotation measure between the two images has been estimated to be
1480± 83 rad m−2 by Narasimha and Chitre (2007).
4.3.2 B1938+666
B1938+666 is a three-image gravitational lens system discovered in the Jodrell Bank-VLA
Astrometric Survey (JVAS) by Patnaik et al. (1992b). It consists of two components A and
B and an arc C with subcomponents C1 and C2 (King et al., 1997). Hubble Space Telescope
(HST6) observations (King et al., 1998) show a complete Einstein ring in the infrared.
The lens is a red, passively-evolving, early-type galaxy (Rhoads et al., 1996;
Kochanek et al., 2000). From molecular absorption studies, its redshift has been determined
to be 0.881 (Tonry and Kochanek, 2000). Using fundamental plane arguments
(Djorgovski and Davis, 1987), these authors estimate the source redshift to be ∼ 2.8.
King et al. (1997) have estimated the rotation measure of images B1, C1 and C2 to
be 441 ± 3 rad m−2, 498 ± 3 rad m−2, and 506 ± 14 rad m−2, respectively, using multi-
frequency radio observations obtained with the VLA and the Multi-Element Radio Linked
Interferometer Network (MERLIN7). Using the same data, Narasimha and Chitre (2007)
have independently estimated the differential rotation measures between images A and B,
B and C1, and C2 and C1 to be 960± 202 rad m−2, 85± 39 rad m−2, and 56± 47 rad m−2,
respectively.
6http://hubble.nasa.gov/
7http://www.merlin.ac.uk/
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4.3.3 MG 2016+112
MG 2016+112 is a three-image gravitational lens discovered by Lawrence et al. (1984) in
the MIT-Green Bank 5 GHz single-dish survey.
Chartas et al. (2001) suggested that the source is a type II quasar (defined by these
authors as an AGN which is luminous enough to be classified as a quasar, and which contains
no broad optical emission line), from the detection of X-ray emission in observations with
the Chandra X-Ray Observatory8, and the detection of narrow optical emission lines in the
spectra of this system (Lawrence et al., 1984; Schneider et al., 1985, 1986; Yamada et al.,
2001). The redshift of the source has been determined to be ∼3.273 (Lawrence et al., 1984;
Schneider et al., 1985, 1986; Yamada et al., 2001), from an analysis of several molecular
absorption lines in the emission spectrum of the lensed images.
From optical photometric observations of this lens system, Lawrence et al. (1984) sug-
gested that the lens is a giant elliptical galaxy. From optical photometry and spectroscopic
observations, Soucail et al. (2001) have found that the lens is actually a cluster of red galaxies
at a redshift of ∼1.
4.3.4 MG 0414+0534
MG 0414+0534 is a gravitational lens system containing four images, discovered by
Turner et al. (1989) in a VLA search for gravitational lenses.
On the basis of their spectroscopic and photometric observations, and similar earlier
studies, Lawrence et al. (1995) have argued that the source is a typical high-redshift quasar.
From several emission lines in the infrared spectra, the source redshift has been determined
to be ∼2.639 (Lawrence et al., 1995; Barvainis et al., 1998).
McLeod et al. (1998) conducted infrared observations of this system and found the lens to
be very red. From the extremely red continuum in the optical/infrared spectrum of the lens,
8http://chandra.harvard.edu/
91
and the large color differences between the lensed images in HST and infrared observations,
Lawrence et al. (1995) hypothesized a high dust content in the lens. From HST observations
and modeling of this gravitational lens system, Falco et al. (1997) postulated that the lens
is an elliptical galaxy. Detection of CO emission in the spectrum of the lensed images
led Barvainis et al. (1998) to infer that the lens has abundant molecular gas. Dai et al.
(2006) estimated the hydrogen column density in the the lens to be ∼1022 cm−2 from X-
ray absorption spectra, with image A being more heavily absorbed than images B and C.
Tonry and Kochanek (1999) found the redshift of the lensing galaxy to be ∼0.9584, from
molecular line-absorption studies.
Katz et al. (1997) performed multi-frequency VLA observations of this lens system at
5, 8, 15 and 22 GHz, and concluded that the percentage linear polarization in the lensed
images was <∼1%.
4.3.5 B0218+357
A complete literature review for the gravitational lens system B0218+357 is provided in
Section 1.3.
4.3.6 Q0957+561
Q0957+561 is the first gravitational lens system ever observed (Porcas et al., 1979). Two
radio images, A and B, were first suspected to be gravitationally lensed images of the same
source based on their similar optical spectra (Walsh et al., 1979).
The radio source was subsequently found to have a compact core-jet structure
(Porcas et al., 1981), and a redshift of ∼1.41 (Walsh et al., 1979). From presence of a CO
line in its spectrum, molecular gas has been inferred in the host galaxy of the lensed quasar
(Planesas et al., 1999).
The lens is a bright galaxy, and is part of an associated galaxy cluster at a redshift of 0.36
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(Young et al., 1980, 1981a). Several molecular absorption lines have been detected at red-
shifts that are intermediate between the redshifts of the source and the lens (Weymann et al.,
1979; Young et al., 1981b; Garrett et al., 1992; Michalitsianos et al., 1993;
Angonin-Willaime et al., 1994); this implies that there are intervening absorption systems
along the line of sight between the source and the lens. Turnshek and Bohlin (1993) have
determined that there is a damped Lyα absorber at a redshift of 1.3911, and this absorber
has been studied in further detail by Michalitsianos et al. (1997) and Zuo et al. (1997). The
hydrogen column density along the line of sight has been estimated to be ∼ 1019 - 1021 cm−2
from molecular absorption line studies (Michalitsianos et al., 1997; Gondhalekar and Wilson,
1980, 1982).
In VLA polarization observations at 1.5, 1.6 and 5 GHz, Greenfield et al. (1985) found the
absolute rotation measures of images A and B to be −61.8±3.1 rad m−2 and −161.8±3.1 rad
m−2, respectively, and calculated the differential rotation measure between the two images
to be 99.3± 1.4 rad m−2.
4.3.7 B1422+231
The four-image gravitational lens system B1422+231 was discovered by Patnaik et al. (1992a)
in the JVAS survey to search for small-separation lenses. From optical spectroscopy, they
determined the source to be a quasar at a redshift of 3.62.
Yee and Ellingson (1994) suggest that the lens is an early-type galaxy, on the basis of the
optical photometric properties of the system. From HST photometry, Impey et al. (1996)
have argued that the lens is an elliptical galaxy. Molecular absorption line observations have
yielded a value of 0.338 for the lens redshift (Kundic et al., 1997; Tonry, 1998). Lyα forest
clouds at a redshift of 3.5 along the line of sight are reported by Bechtold and Yee (1995)
from high spatial resolution spectroscopy of the system.
Patnaik et al. (1999) carried out milliarcsec-scale VLBI polarization observations of this
gravitational lens system at 5 and 8.4 GHz. They found that the polarization distribution in
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image B (see above paper for component notation) exhibits the parity reversal expected from
gravitational lensing theory. They found the differential rotation measure between images
A and B to be 280± 20 rad m−2.
4.3.8 B1600+434
The two-image gravitational lens system B1600+434 was discovered in the Cosmic Lens All-
Sky Survey (CLASS) by Jackson et al. (1995). From molecular emission lines in the spectra
of the images, the redshift of the source has been determined to be ∼ 1.59 (Jackson et al.,
1995; Fassnacht and Cohen, 1998).
The lens is believed to be an edge-on spiral galaxy (Jaunsen and Hjorth (1997);
Koopmans et al. (1998)). Spectroscopic observations (Auger et al., 2007) suggest that the
lens galaxy is a member of a larger galaxy group. Due to dust obscuration in the spiral lens
galaxy, image B is significantly reddened compared to image A (Jackson et al., 1995, 2000)
in optical and infrared observations. Dai and Kochanek (2005) report hydrogen column
densities along the line of sight to images A and B of∼ 2.1× 1021 cm−2 and∼ 4.7× 1021 cm−2
respectively from Chandra observations, leading to a differential absorption column density
of ∼ 3 × 1021 cm−2. The lens redshift has been measured as ∼ 0.41 (Fassnacht and Cohen,
1998) from emission line spectroscopy.
4.3.9 B1608+656
The gravitational lens system B1608+656 contains four images and was discovered indepen-
dently in the CLASS survey for gravitational lenses (Myers et al., 1995) and in a separate
VLA survey of faint peaked-spectrum radio sources by Snellen et al. (1995).
In their VLA observations, Snellen et al. (1995) found the lensed source to be the core of
a large double-lobed radio galaxy. Fassnacht et al. (1996) determined the source redshift to
be 1.394 from molecular absorption-line spectroscopy. These authors also inferred that the
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source is a post-starburst or E + A galaxy (Dressler and Gunn, 1992; Oegerle et al., 1991)
from an analysis of spectral properties.
In optical observations with the HST, Surpi and Blandford (2003) found that the lens
is comprised of a pair of interacting galaxies - an elliptical galaxy, and a dust-rich second
galaxy that causes reddening and dust extinction in two of the four lensed images. From
molecular emission lines in the optical spectrum of the lens, Myers et al. (1995) determined
the lens redshift to be 0.6304. Fassnacht et al. (2006) found that the two lensing galaxies
are members of a larger group of galaxies, as well as evidence for three other galaxy groups
in the lens foreground, at redshifts of 0.265, 0.426, and 0.52.
The source redshifts for the lens sample studied here are tabulated in Table 4.4, and the
lens redshifts in Table 4.5. The known source classifications are tabulated in Table 4.6, and
the lens classifications in Table 4.7. Tables 4.8, 4.9 and 4.10 summarize the known power-
law indices (derived from power-law fits to the flux density spectra), linear polarization
percentages and Rotation Measures, respectively, reported for these lens systems in the
literature.
Gravitational Lens System Source Redshift Reference
PKS 1830-211 2.51 Lidman et al. (1999)
B1938+666 2.8 Tonry and Kochanek (2000)
MG 2016+112 3.273 Lawrence et al. (1984),
Schneider et al. (1985, 1986),
Yamada et al. (2001)
MG 0414+0534 2.639 Lawrence et al. (1995),
Barvainis et al. (1998)
B0218+357 0.94 Browne et al. (1993),
Cohen et al. (2003)
Q0957+561 1.41 Walsh et al. (1979)
B1422+231 3.62 Patnaik et al. (1992a)
B1600+434 1.59 Jackson et al. (1995),
Fassnacht and Cohen (1998)
B1608+656 1.394 Fassnacht et al. (1996)
Table 4.4: The source redshifts in the observed gravitational lens systems.
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Gravitational Lens System Lens Redshift Reference
PKS 1830-211 0.886 Wiklind and Combes (1996),
Gerin et al. (1997),
Henkel et al. (2008),
Muller and Gue´lin (2008),
Menten et al. (2008),
Bottinelli et al. (2009)
B1938+666 0.881 Tonry and Kochanek (2000)
MG 2016+112 1 Soucail et al. (2001)
MG 0414+0534 0.9584 Tonry and Kochanek (1999)
B0218+357 0.68 Browne et al. (1993),
Carilli et al. (1993),
Menten and Reid (1996),
Wiklind and Combes (1995),
Gerin et al. (1997),
Combes and Wiklind (1997),
Jethava et al. (2007),
Zeiger and Darling (2010)
Q0957+561 0.36 Young et al. (1980, 1981a)
B1422+231 0.338 Kundic et al. (1997),
Tonry (1998)
B1600+434 0.41 Fassnacht and Cohen (1998)
B1608+656 0.6304 Myers et al. (1995)
Table 4.5: The lens redshifts in the observed gravitational lens systems.
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Gravitational Lens System Source Classification Reference
PKS 1830-211
B1938+666
MG 2016+112 Type II quasar Chartas et al. (2001)
MG 0414+0534 Typical high-redshift quasar Lawrence et al. (1995)
B0218+357 BL Lac object Stickel and Kuhr (1993),
Kemball et al. (2001)
Q0957+561 Radio source with Porcas et al. (1981)
compact core-jet structure
B1422+231 Quasar Patnaik et al. (1992a)
B1600+434
B1608+656 Core of a large Snellen et al. (1995)
double-lobed
radio galaxy
Poststarburst or Fassnacht et al. (1996)
E + A galaxy
Table 4.6: Source classification in the observed gravitational lens systems.
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Gravitational Lens System Lens Classification Reference
PKS 1830-211 Primary lens: Winn et al. (2002)
Almost face-on
spiral galaxy
B1938+666 Red, passively evolving Rhoads et al. (1996),
early-type galaxy Kochanek et al. (2000)
MG 2016+112 Giant elliptical galaxy, Lawrence et al. (1984)
cluster of Soucail et al. (2001)
red galaxies
MG 0414+0534 Red, dusty McLeod et al. (1998),
elliptical galaxy Lawrence et al. (1995),
Falco et al. (1997)
B0218+357 Spiral galaxy Patnaik et al. (1993)
Q0957+561 A bright elliptical galaxy, Young et al. (1980, 1981a)
and its associated
galaxy cluster
B1422+231 Early-type Yee and Ellingson (1994)
elliptical galaxy Impey et al. (1996)
B1600+434 Edge-on Jaunsen and Hjorth (1997)
spiral galaxy
B1608+656 A pair of Surpi and Blandford (2003)
interacting galaxies -
an elliptical galaxy,
and a dust-rich
second galaxy
Table 4.7: Lens classifications in the observed gravitational lens systems.
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Lens System Frequency Power-Law Telescope/ Reference
Range (GHz) Index (α) Interferometer
PKS 1830-211 < 1 1 VLA Pramesh Rao and Subrahmanyan (1988)
> 1 0.3
B1938+666 1.612 - 15 A1: 0.8 ± 0.1 VLA, MERLIN King et al. (1997)
A2: 0.8 ± 0.1
B1: 0.7 ± 0.1
B2: 1.0 ± 0.1
C1: 0.6 ± 0.1
C2: 0.6 ± 0.1
MG 2016+112 1.465 - 4.885 A: 0.78 ± 0.06 Green Bank Lawrence et al. (1984)
B: 0.81 Telescopea
C: 0.24
5 - 15 A, B, C: 1.4 VLA Langston et al. (1989)
1.612 - 4.885 A: 0.78 ± 0.13 EVN Nair and Garrett (1997),
B: 0.86 ± 0.13 using data from
C: 0.47 ± 0.13 Garrett et al. (1996) also
C1: 0.34 ± 0.13
C2: 1.30 ± 0.13
MG 0414+0534 5, 8, 15, 22 A1: 0.79 VLA Katz et al. (1997)
A2: 0.82
B: 0.78
C: 0.81
Total: 0.80 ± 0.02
B0218+357 33.4, 70.5 0.25 Kitt Peak Combes et al. (1997)
Telescopeb ,
Green Bank
Telescope,
Nobeyama Radio
Telescopec
4.8, 8, 14.5 0.242 UMRAOd Fan et al. (2008)
Q0957+561 1.5 - 5 C, D, E: 1 VLA Burke et al. (1979)
1.6 -5 A: 0.50 ± 0.03 VLA Greenfield et al. (1985)
B: 0.47 ± 0.02
5 - 15 A: 0.74 ± 0.09
B: 0.70 ± 0.11
5 - 8.4 A: 0.84 ± 0.2 VLA Harvanek et al. (1997)
B: 0.90 ± 0.2
G: 1.06 ± 0.3
8.4 - 15 A: 0.96 ± 0.1
B: 1.24 ± 0.1
G: 0.89 ± 0.3
1.5 - 8.4 A: 0.32 ± 0.03
B: 0.26 ± 0.03
G: 0.97 ± 0.07
B1422+231 5, 8.4 A, B, C: 0.71 ± 0.5 VLA, MERLIN Patnaik et al. (1992a)
D: 0.28 ± 0.30
B1600+434
B1608+656
ahttps://science.nrao.edu/facilities/gbt/index
bhttp://www.noao.edu/kpno/
chttp://www.nro.nao.ac.jp/en/index.html
dUniversity of Michigan Radio Astronomy Observatory,
http://www.astro.lsa.umich.edu/obs/radiotel/umrao.php
Table 4.8: Power law indices for the observed lens systems, from existing literature. The
power law index is defined as the exponent α in a power-law fit to the flux density spectrum:
S(ν) ∝ ν−α.
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Table 4.9: Percentage polarization values for the observed lens sys-
tems, from existing literature
Lens System Frequency Percentage Telescope/ Reference
(GHz) Polarization Interferometer
PKS 1830-211 5 A: < 1 VLA Subrahmanyan et al. (1990)
B: < 1
15 A: 1 VLA
C: 14
B: 2
D: 8
22 A: 1 VLA
C: 24
B: 3
D: 21
B1938+666 1.612 C1: 1.4 MERLIN King et al. (1997)
C2: 1.4
5 A1: 8 MERLIN
B1: 6
C1: 14.3
C2: 15.3
15 B1: 6 VLA
C: 15
MG 2016+112
MG 0414+0534 8 A1: < 1 VLA Katz et al. (1997)
A2: < 1
15 A1: 1.26 ± 0.11
A2: 1.23 ± 0.01
B0218+357 8.4 A: 6.4 ± 0.1 VLA O’Dea et al. (1992)
B: 8.1 ± 0.1
Ring: ≥ 20
continued on next page
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Table 4.9: continued
Lens System Frequency Percentage Telescope/ Reference
(GHz) Polarization Interferometer
22.4 A: 10.8 ± 0.5
B: 9.6 ± 0.5
8.4 A: 6.4 VLA Patnaik et al. (1993)
B: 8.0
15 A: 10.5
B: 9.4
22 A: 10.1
B: 9.4
8.4 A1: 8.0 ± 0.4 VLBI Kemball et al. (2001)
B1: 11.6 ± 0.4
8.4 A: 4.6 VLA Biggs et al. (2003)
B: 6.6
8.4 A: 5.9 VLBI
B: 9.0
Q0957+561 1.5 C: 3 VLA Roberts et al. (1979)
D: 6
5 A: 6.3
B: 5.4
C: 11
D: 14
5 A: 6.8 ± 0.4 VLA Greenfield et al. (1985)
B: 5.4 ± 0.5 (October 1979)
1.5 A: 3.3 ± 0.3 VLA Greenfield et al. (1985)
continued on next page
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Table 4.9: continued
Lens System Frequency Percentage Telescope/ Reference
(GHz) Polarization Interferometer
B: 3.0 ± 0.4 (February 1980)
1.6 A: 3.0 ± 0.3
B: 2.8 ± 0.5
5 A: 6.5 ± 0.2
B: 5.4 ± 0.3
1.6 A: 3.3 ± 0.3 VLA Greenfield et al. (1985)
B: 2.6 ± 0.4 (December 1980)
5 A: 7.6 ± 0.2
B: 6.5 ± 0.3
B1422+231 8.4 A: 2.75 ± 0.1 VLA Patnaik et al. (1992a)
B: 2.75 ± 0.1
C: 2.60 ± 0.1
8.4 A: 2.4 VLBA, Using data from
B: 1.8 Effelsberg Patnaik et al. (1999)
C: 1.2 Telescope
B1600+434
B1608+656 1.4 NE lobe (A+C): ≈ 0 WSRT Snellen et al. (1995)
SW lobe (B+D): 15 ± 1.5
4.4 Data Reduction
The data were reduced using the 31DEC07 version of AIPS9, using standard VLA data
reduction practices (Greisen, 2003), including correction of baseline errors, interactive flag-
ging, and establishment of the absolute flux density scale relative to calibrator 3C286
9http://www.aips.nrao.edu
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Lens System Frequencies Rotation Measure (RM) Telescope/ Reference
Used (GHz) (in rad m−2) Interferometer
Absolute Differential
PKS 1830-211 5, 15, 22 A: -157 |A-B|: 1480 ± 83 VLA Narasimha and Chitre (2007),
B: 456 using data from
Subrahmanyan et al. (1990)
B1938+666 1.612, 5, 15 C1: 441 ± 3 VLA, King et al. (1997)
C2: 498 ± 3 MERLIN
B1: 506 ± 14
1.612, 5, 15 A: 665 ± 14 |A-B|: 960 ± 202 VLA, Narasimha and Chitre (2007),
B: 465 ± 14 |B-C1|: 85 ± 39 MERLIN using data from
C1: 441 ± 3 |C2-C1|: 56 ± 4 King et al. (1997)
C2: 498 ± 3
MG 2016+112
MG 0414+0534
B0218+357 8.4, 15, 22.4 A: 530 ± 50 |A-B|: 870 VLA O’Dea et al. (1992),
B: 340 ± 50 also using data from
Patnaik et al. (1993)
8.4, 15, 22 B-A: 910 VLA Patnaik et al. (1993)
8.4 |A1-B1|: 747 ± 21 VLBI Kemball et al. (2001)
Q0957+561 1.5, 1.6, 5 A: -60 A-B: 98 VLA Burke et al. (1980)
B: -159
1.5, 1.6, 5 A: -61.8 ± 3.1 A-B: 99.3 ± 1.4 VLA Greenfield et al. (1985)
B: -161.8 ± 3.1
B1422+231 5, 8.4 |A-B| = 280 ± 20 VLBA, Patnaik et al. (1999)
Effelsberg
Telescope
B1600+434
B1608+656 SW lobe WSRT Snellen et al. (1995)
(B+D): 150
Table 4.10: Rotation Measures of the observed lens systems, from existing literature. See
individual references for lens component label and numbering conventions.
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(Perley and Taylor, 1991). The data for the calibrators were first self-calibrated in phase
only, and then self-calibrated in both amplitude and phase. The solutions from the cal-
ibrators were then interpolated to transfer calibration information to the corresponding
associated lenses (see Table 4.1 for pairings).
At this stage, the data for each lens was exported from AIPS and imported into Difmap10
in order to further refine the source model for each lens. Difmap was used at this point
as it offers integrated data editing and the capability to use different solution intervals
simultaneously for amplitude and phase. 10-15 iterations of phase-only self-calibration and
imaging were performed for each lens, followed by one iteration of amplitude and phase self-
calibration and imaging. For phase-only self-calibration, the solution interval was set to the
correlator integration time. For the final progressive amplitude and phase self-calibration,
the solution interval was set to 30 minutes. Uniform gridding weighting was used in image
formation, followed by CLEAN deconvolution. The self-calibrated data for each lens was
then exported from Difmap and re-imported into AIPS. A final amplitude and phase self-
calibration step was performed for each lens in AIPS, using the final source model derived
in Difmap. If there were too few good calibration solutions in this final self-calibration step,
the self-calibration solutions were discarded in favor of the calibration transfer solutions
obtained previously by interpolation from the calibrator sources. Polarization calibration
was then performed using all the calibrator sources jointly.
The amplitude calibrator and the lenses were then imaged in Stokes I, Q, and U using the
CLEAN deconvolution algorithm. For the amplitude calibrator 3C286, the mean integrated
flux densities in Stokes I, Q and U were found by summation in an image box enclosing the
central brightest component. For the lenses, the flux densities were computed similarly using
an enclosing image box for each resolved lensed image. In the case of blended images, the
flux densities were found using AIPS task JMFIT which deblends the blended components
and fits a Gaussian model to each image.
10http://www.atnf.csiro.au/people/jlovell/difmap/
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The electric vector position angle (EVPA), is calculated from Stokes Q and U flux density
values as χ = 1
2
tan−1
(
U
Q
)
.
The absolute EVPA was determined for each source by assuming an absolute EVPA for
3C286 of 33◦ at all the frequencies in the current observations11.
In Tables B.19-B.27, the error σχ in the measured EVPA is calculated by propagating the
off-source RMS noise in the Stokes Q and U images (σQ,off−source and σU,off−source, reported
in units of Jy/beam by the AIPS task IMSTAT). The errors in Stokes Q and U flux densities
take the form (Equation (A.5)),
σ =
√
Nσoff−source
θbeam
(4.1)
where N is the number of pixels in the bounding box around the source used to calculate
the total integrated flux density, and θbeam is the beam area in pixels.
Assuming σQ ≈ σQ ≈ √σQσU = σQU , the error in σχ is computed using Equation (3.21)
as σχ =
1
2
σQU
|P |
, where P =
√|Q|2 + |U |2.
An independent error estimate, ǫχ, is obtained from the inter-IF EVPA difference:
ǫχ =
|χIF1 − χIF2|√
2
(4.2)
The net uncertainty in the EVPA, ∆χ, is taken to be the maximum of these two measures
of error in the EVPA, i.e.,
∆χ = max(ǫχ, σχ) (4.3)
11http://www.vla.nrao.edu/astro/calib/manual/polcal.html
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4.5 Results
The polarization maps of the lenses at different frequencies are shown in Figures 4.2-4.43.
The component label and numbering convention is shown in Figure 4.1. The total intensity
values are tabulated in Tables B.1-B.9, the fractional linear polarization values in Tables
B.10-B.18, and the EVPA values in Tables B.19-B.27. The total intensity values are plotted
in Tables 4.44-4.52, and the fractional polarization values in Figures 4.53-4.61. The power-
law index of the lensed images, calculated from the total intensity values at the different
observation frequencies, are tabulated in Table 4.11.
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PKS 1830-211, U Band, IF 1 B1938+666, K Band, IF 1 MG 2016+112, C Band, IF 1
MG 0414+0534, K Band, IF 1 B0218+357, Q Band, IF 1 Q0957+561, C Band, IF 1
B1422+231, U Band, IF 1 B1600+434, X Band, IF 1 B1608+656, U Band, IF 1
Figure 4.1: Lens component label and numbering conventions used in this thesis, in accor-
dance with that in existing literature.
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Figure 4.2: VLA polarization maps of the gravitational lens system PKS 1830-211 at C
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-6.5,
6.5, 20, 35, 50, 100, 300, 500, 700, 1000, 1100, 1180), where σIF1 = 4.6964 ×10−3 Jy/beam
is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-5.75, 5.75,
20, 35, 50, 100, 300, 500, 700, 1000, 1100), where σIF2 = 5.0581 ×10−3 Jy/beam is the
off-source RMS noise in the map. There are no overlaid polarization vectors because the
polarized intensity does not exceed three times the off-source RMS noise at any point in the
map.
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Figure 4.3: VLA polarization maps of the gravitational lens system PKS 1830-211 at X
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.75,
5.75, 50, 100, 200, 500, 1000, 2000, 3000, 4000, 5000, 6000), where σIF1 = 9.7639 ×10−4
Jy/beam is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2×
(-4.5, 4.5, 50, 100, 200, 500, 1000, 2000, 3000, 4000, 5000, 6000, 6500), where σIF2 = 9.0531
×10−4 Jy/beam is the off-source RMS noise in the map. Polarization vectors are plotted
at points where the total intensity and polarized intensity both exceed than five times the
off-source RMS noise in the map. The vectors indicate the orientation of the electric vector
position angle (EVPA) and the length of a vector is proportional to the linearly polarized
intensity, where 1 arcsec = 1.0417 ×10−1 Jy/beam.
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Figure 4.4: VLA polarization maps of the gravitational lens system PKS 1830-211 at U
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5,
5, 10, 20, 50, 100, 500, 1000, 2000, 3000, 4000, 5000, 5700), where σIF1 = 9.5341 ×10−4
Jy/beam is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-4,
4, 10, 20, 50, 100, 500, 1000, 2000, 3000, 4000, 5100), where σIF2 = 1.0628 ×10−3 Jy/beam
is the off-source RMS noise in the map. Polarization vectors are plotted at points where
the total intensity and polarized intensity both exceed than five times the off-source RMS
noise in the map. The vectors indicate the orientation of the electric vector position angle
(EVPA) and the length of a vector is proportional to the linearly polarized intensity, where
1 arcsec = 1.6667 ×10−1 Jy/beam.
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Figure 4.5: VLA polarization maps of the gravitational lens system PKS 1830-211 at K
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-3.5,
3.5, 10, 20, 50, 100, 200, 500, 1000, 1500, 1700), where σIF1 = 3.2322 ×10−3 Jy/beam is the
off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-5, 5, 10, 20, 45,
100, 200, 500, 1000, 1500, 2000, 2400), where σIF2 =2.3767 ×10−3 Jy/beam is the off-source
RMS noise in the map. Polarization vectors are plotted at points where the total intensity
and polarized intensity both exceed than five times the off-source RMS noise in the map.
The vectors indicate the orientation of the electric vector position angle (EVPA) and the
length of a vector is proportional to the linearly polarized intensity, where 1 arcsec = 1.25
×10−3 Jy/beam.
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Figure 4.6: VLA polarization maps of the gravitational lens system PKS 1830-211 at Q
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1×
(-12.75, 12.75, 30, 50, 200, 500, 1000, 2000, 2400), where σIF1 = 1.6759 ×10−3 Jy/beam is
the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-17.5, 17.5, 35,
50, 200, 500, 1000, 2000, 3000, 3200), where σIF2 = 1.2585 ×10−3 Jy/beam is the off-source
RMS noise in the map. Polarization vectors are plotted at points where the total intensity
and polarized intensity both exceed than five times the off-source RMS noise in the map.
The vectors indicate the orientation of the electric vector position angle (EVPA) and the
length of a vector is proportional to the linearly polarized intensity, where 1 mas = 1 ×10−3
Jy/beam.
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Figure 4.7: VLA polarization maps of the gravitational lens system B1938+666 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5, 15, 35,
50, 100, 250, 500, 700, 1000, 2000, 3000, 3500, 3900), where σIF1 = 5.5810 ×10−5 Jy/beam
is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-4, 4, 15, 35,
50, 100, 250, 500, 700, 1000, 2000, 3000, 3450), where σIF2 = 6.2516 ×10−5 Jy/beam is the
off-source RMS noise in the map. Polarization vectors are plotted at points where the total
intensity and polarized intensity both exceed than five times the off-source RMS noise in
the map. The vectors indicate the orientation of the electric vector position angle (EVPA)
and the length of a vector is proportional to the linearly polarized intensity, where 1 arcsec
= ×10− Jy/beam.
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Figure 4.8: VLA polarization maps of the gravitational lens system B1938+666 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5,
20, 50, 100, 200, 500, 1000, 2000, 2500, 2700), where σIF1 = 4.7243 ×10−5 Jy/beam is the
off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-3.5, 3.5, 20, 50,
100, 200, 500, 1000, 1500, 1900), where σIF2 = 6.4756 ×10−5 Jy/beam is the off-source RMS
noise in the map. Polarization vectors are plotted at points where the total intensity and
polarized intensity both exceed than five times the off-source RMS noise in the map. The
vectors indicate the orientation of the electric vector position angle (EVPA) and the length
of a vector is proportional to the linearly polarized intensity, where 1 arcsec = 2.0833 ×10−2
Jy/beam.
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Figure 4.9: VLA polarization maps of the gravitational lens system B1938+666 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4.5, 4.5, 10,
20, 50, 100, 200, 300, 345), where σIF1 = 1.8749 ×10−4 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-3.5, 3.5, 10, 20, 35, 70, 150, 250, 320),
where σIF2 = 2.0275 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 3.3333 ×10−2 Jy/beam.
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Figure 4.10: VLA polarization maps of the gravitational lens system B1938+666 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-8, 8, 11,
15, 20, 25, 35, 43, 47, 48), where σIF1 = 4.7651 ×10−4 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-3.75, 3.75, 5, 8, 12, 16, 18, 19.5, 20.5),
where σIF2 = 1.1269 ×10−3 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map for IF 1, and at points where the total
intensity and polarized intensity both exceed than three times the off-source RMS noise in
the map for IF 2. The vectors indicate the orientation of the electric vector position angle
(EVPA) and the length of a vector is proportional to the linearly polarized intensity, where
1 arcsec = 6.25 ×10−5 Jy/beam.
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Figure 4.11: VLA polarization maps of the gravitational lens system MG 2016+112 at L
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4, 4,
10, 20, 50, 100, 300, 500, 700, 805), where σIF1 = 1.1339 ×10−4 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-5, 5, 10, 20, 50, 100, 300,
500, 700, 800, 900), where σIF2 = 9.9092 ×10−5 Jy/beam is the off-source RMS noise in the
map. There are no overlaid polarization vectors because the polarized intensity does not
exceed three times the off-source RMS noise at any point in the map.
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Figure 4.12: VLA polarization maps of the gravitational lens system MG 2016+112 at C
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-6.75,
6.75, 20, 50, 100, 250, 500, 700, 1000, 1500, 2000), where σIF1 = 2.7665 ×10−5 Jy/beam
is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-4.5, 4.5,
20, 50, 100, 250, 500, 700, 1000, 1200, 1310), where σIF2 = 4.2013 ×10−5 Jy/beam is the
off-source RMS noise in the map. There are no overlaid polarization vectors because the
polarized intensity does not exceed three times the off-source RMS noise at any point in the
map.
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Figure 4.13: VLA polarization maps of the gravitational lens system MG 2016+112 at X
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-8,
8, 10, 20, 50, 100, 200, 500, 1000), where σIF1 = 2.5642 ×10−5 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-8, 8, 10, 20, 50, 100, 200,
500, 1000), where σIF2 = 2.7653 ×10−5 Jy/beam is the off-source RMS noise in the map.
There are no overlaid polarization vectors because the polarized intensity does not exceed
three times the off-source RMS noise at any point in the map.
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Figure 4.14: VLA polarization maps of the gravitational lens system MG 2016+112 at U
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.75,
5.75, 10, 20, 35, 50, 70, 100, 110), where σIF1 = 1.1377 ×10−4 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-7, 7, 10, 20, 35, 50, 70, 100,
110), where σIF2 = 1.1345 ×10−4 Jy/beam is the off-source RMS noise in the map. There
are no overlaid polarization vectors because the polarized intensity does not exceed three
times the off-source RMS noise at any point in the map.
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Figure 4.15: VLA polarization maps of the gravitational lens system MG 2016+112 at K
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-10,
10, 15, 20, 30, 40, 50, 55), where σIF1 = 1.2505 ×10−4 Jy/beam is the off-source RMS
noise in the map. For IF 2, the contour levels are σIF2× (-7.5, 7.5, 10, 15, 20, 30, 40),
where σIF2 = 1.7152 ×10−4 Jy/beam is the off-source RMS noise in the map. There are no
overlaid polarization vectors because the polarized intensity does not exceed three times the
off-source RMS noise at any point in the map.
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Figure 4.16: VLA polarization maps of the gravitational lens system MG 0414+0534 at
L band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1×
(-5.5, 5.5, 15, 30, 50, 100, 300, 500, 1000, 2000, 3000, 3500), where σIF1 = 4.2208 ×10−4
Jy/beam is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2×
(-5, 5, 15, 30, 50, 100, 300, 500, 1000, 2000, 2500), where σIF2 = 5.8478 ×10−4 Jy/beam is
the off-source RMS noise in the map. Polarization vectors are plotted at points where the
total intensity and polarized intensity both exceed than five times the off-source RMS noise
in the map, and at points where the total intensity and polarized intensity both exceed than
three and one-half times the off-source RMS noise in the map for IF 2. The vectors indicate
the orientation of the electric vector position angle (EVPA) and the length of a vector is
proportional to the linearly polarized intensity, where 1 arcsec = 3.5714 ×10−3 Jy/beam.
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Figure 4.17: VLA polarization maps of the gravitational lens system MG 0414+0534 at C
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.25,
5.25, 20, 50, 100, 250, 500, 700, 1000, 2000, 3000, 4000, 5000), where σIF1 = 8.0077 ×10−5
Jy/beam is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2×
(-3.85, 3.85, 20, 50, 100, 250, 500, 700, 1000, 2000, 3000, 3800), where σIF2 = 1.0576 ×10−4
Jy/beam is the off-source RMS noise in the map. Polarization vectors are plotted at points
where the total intensity and polarized intensity both exceed than five times the off-source
RMS noise in the map. The vectors indicate the orientation of the electric vector position
angle (EVPA) and the length of a vector is proportional to the linearly polarized intensity,
where 1 arcsec = 4.1667 ×10−3 Jy/beam.
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Figure 4.18: VLA polarization maps of the gravitational lens system MG 0414+0534 at X
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-3, 3,
10, 20, 50, 100, 200, 500, 1000, 1500, 2000, 2375), where σIF1 = 8.5480 ×10−5 Jy/beam is
the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-3.6, 3.6, 10,
20, 50, 100, 200, 500, 1000, 1500, 2000, 2500, 2750), where σIF2 = 7.5091 ×10−5 Jy/beam
is the off-source RMS noise in the map. Polarization vectors are plotted at points where
the total intensity and polarized intensity both exceed than five times the off-source RMS
noise in the map. The vectors indicate the orientation of the electric vector position angle
(EVPA) and the length of a vector is proportional to the linearly polarized intensity, where
1 arcsec = 2.0833 ×10−3 Jy/beam.
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Figure 4.19: VLA polarization maps of the gravitational lens system MG 0414+0534 at U
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4.25,
4.25, 10, 20, 50, 100, 200, 500, 700, 900, 960), where σIF1 = 1.3638 ×10−4 Jy/beam is the
off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-6, 6, 10, 20, 50,
100, 200, 500, 700, 900, 1100, 1250), where σIF2 = 1.0267 ×10−4 Jy/beam is the off-source
RMS noise in the map. There are no overlaid polarization vectors because the polarized
intensity does not exceed three times the off-source RMS noise at any point in the map.
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Figure 4.20: VLA polarization maps of the gravitational lens system MG 0414+0534 at K
band: IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-3,
3, 15, 50, 75, 150, 235), where σIF1 = 4.2646 ×10−4 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-6.5, 6.5, 20, 50, 100, 300, 500, 600),
where σIF2 = 1.6650 ×10−4 Jy/beam is the off-source RMS noise in the map. There are no
overlaid polarization vectors because the polarized intensity does not exceed three times the
off-source RMS noise at any point in the map.
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Figure 4.21: VLA polarization maps of the gravitational lens system B0218+357 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-1, 1, 2,
3, 7, 10, 20, 50, 100, 200, 500, 700, 900, 950, 980), where σIF1 = 9.5890 ×10−4 Jy/beam is
the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-1, 1, 2, 3, 7,
10, 20, 50, 100, 200, 500, 700, 900, 950, 970), where σIF2 = 9.6663 ×10−4 Jy/beam is the
off-source RMS noise in the map. Polarization vectors are plotted at points where the total
intensity and polarized intensity both exceed than five times the off-source RMS noise in
the map. The vectors indicate the orientation of the electric vector position angle (EVPA)
and the length of a vector is proportional to the linearly polarized intensity, where 1 arcsec
= 1.0417 ×10−1 Jy/beam.
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Figure 4.22: VLA polarization maps of the gravitational lens system B0218+357 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-7.5, 7.5, 20,
50, 100, 500, 1000, 2000, 3000, 3400), where σIF1 = 2.8782 ×10−4 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-4, 4, 10, 20, 50, 100, 200,
500, 700, 1000, 1500, 1700, 2000), where σIF2 = 4.8930 ×10−4 Jy/beam is the off-source
RMS noise in the map. Polarization vectors are plotted at points where the total intensity
and polarized intensity both exceed than five times the off-source RMS noise in the map.
The vectors indicate the orientation of the electric vector position angle (EVPA) and the
length of a vector is proportional to the linearly polarized intensity, where 1 arcsec = 1.6667
×10−1 Jy/beam.
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Figure 4.23: VLA polarization maps of the gravitational lens system B0218+357 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.75, 5.75,
10, 15, 20, 50, 100, 300, 500, 1000, 2000, 2500), where σIF1 = 3.9671 ×10−4 Jy/beam is the
off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-4, 4, 7, 10, 15, 30,
50, 100, 200, 400, 700, 1000, 1500), where σIF2 = 6.3532 ×10−4 Jy/beam is the off-source
RMS noise in the map. Polarization vectors are plotted at points where the total intensity
and polarized intensity both exceed than five times the off-source RMS noise in the map.
The vectors indicate the orientation of the electric vector position angle (EVPA) and the
length of a vector is proportional to the linearly polarized intensity, where 1 arcsec = 6.25
×10−4 Jy/beam.
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Figure 4.24: VLA polarization maps of the gravitational lens system B0218+357 at Q band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-6, 6, 15,
30, 70, 150, 250, 500, 750, 800), where σIF1 = 1.0376 ×10−3 Jy/beam is the off-source RMS
noise in the map. For IF 2, the contour levels are σIF2× (-7, 7, 15, 30, 70, 150, 250, 500,
750, 800), where σIF2 = 1.0763 ×10−3 Jy/beam is the off-source RMS noise in the map.
Polarization vectors are plotted at points where the total intensity and polarized intensity
both exceed than five times the off-source RMS noise in the map. The vectors indicate
the orientation of the electric vector position angle (EVPA) and the length of a vector is
proportional to the linearly polarized intensity, where 1 mas = 1 ×10−3 Jy/beam.
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Figure 4.25: VLA polarization maps of the gravitational lens system Q0957+561 at L band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-3.5, 3.5, 15,
30, 50, 100, 200, 300, 500, 600, 750), where σIF1 = 2.6393 ×10−4 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-5.5, 5.5, 15, 30, 50, 100, 150,
300, 500, 700, 850, 1000, 1100), where σIF2 =1.6472 ×10−4 Jy/beam is the off-source RMS
noise in the map. Polarization vectors are plotted at points where the total intensity and
polarized intensity both exceed than five times the off-source RMS noise in the map. The
vectors indicate the orientation of the electric vector position angle (EVPA) and the length
of a vector is proportional to the linearly polarized intensity, where 1 arcsec = 7.1429 ×10−3
Jy/beam.
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Figure 4.26: VLA polarization maps of the gravitational lens system Q0957+561 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-8.5, 8.5, 20,
50, 100, 250, 500, 700, 770), where σIF1 = 3.8559 ×10−5 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-8, 8, 20, 50, 100, 250, 500, 600, 680),
where σIF2 = 4.3541 ×10−5 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 1.25 ×10−2 Jy/beam.
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Figure 4.27: VLA polarization maps of the gravitational lens system Q0957+561 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5, 15, 30,
50, 100, 250, 400, 490), where σIF1 = 4.7110 ×10−5 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-5, 5, 15, 30, 50, 100, 250, 400, 480),
where σIF2 = 4.8346 ×10−5 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 2.9762 ×10−3 Jy/beam.
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Figure 4.28: VLA polarization maps of the gravitational lens system Q0957+561 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-11, 11, 20,
30, 50, 70, 73), where σIF1 = 9.1124 ×10−5 Jy/beam is the off-source RMS noise in the map.
For IF 2, the contour levels are σIF2× (-17, 17, 30, 50, 70, 80, 90), where σIF2 = 7.5235
×10−5 Jy/beam is the off-source RMS noise in the map. Polarization vectors are plotted
at points where the total intensity and polarized intensity both exceed than five times the
off-source RMS noise in the map. The vectors indicate the orientation of the electric vector
position angle (EVPA) and the length of a vector is proportional to the linearly polarized
intensity, where 1 arcsec = 1.6667 ×10−2 Jy/beam.
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Figure 4.29: VLA polarization maps of the gravitational lens system Q0957+561 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-10, 10,
15, 20, 27), where σIF1 = 1.1683 ×10−4 Jy/beam is the off-source RMS noise in the map.
For IF 2, the contour levels are σIF2× (-12, 12, 15, 20, 24, 28), where σIF2 = 9.7030 ×10−5
Jy/beam is the off-source RMS noise in the map. Polarization vectors are plotted at points
where the total intensity and polarized intensity both exceed than five times the off-source
RMS noise in the map. The vectors indicate the orientation of the electric vector position
angle (EVPA) and the length of a vector is proportional to the linearly polarized intensity,
where 1 arcsec = 3.125 ×10−5 Jy/beam.
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Figure 4.30: VLA polarization maps of the gravitational lens system B1422+231 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4.75, 4.75,
20, 50, 100, 250, 500, 1000, 2000, 3000, 3700, 4200), where σIF1 = 5.7581 ×10−5 Jy/beam
is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-3.75, 3.75,
20, 50, 100, 250, 500, 1000, 2000, 3000, 3300, 3600), where σIF2 = 6.8056 ×10−5 Jy/beam
is the off-source RMS noise in the map. Polarization vectors are plotted at points where
the total intensity and polarized intensity both exceed than five times the off-source RMS
noise in the map. The vectors indicate the orientation of the electric vector position angle
(EVPA) and the length of a vector is proportional to the linearly polarized intensity, where
1 arcsec = 8.3333 ×10−3 Jy/beam.
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Figure 4.31: VLA polarization maps of the gravitational lens system B1422+231 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4, 4, 10,
15, 30, 50, 100, 200, 500, 1000, 2000, 2500, 2800), where σIF1 = 6.1371 ×10−5 Jy/beam is
the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-5, 5, 10, 15,
30, 50, 100, 200, 500, 1000, 2000, 2500, 3000, 3400), where σIF2 = 4.9743 ×10−5 Jy/beam
is the off-source RMS noise in the map. Polarization vectors are plotted at points where
the total intensity and polarized intensity both exceed than five times the off-source RMS
noise in the map. The vectors indicate the orientation of the electric vector position angle
(EVPA) and the length of a vector is proportional to the linearly polarized intensity, where
1 arcsec = 1.0417 ×10−2 Jy/beam.
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Figure 4.32: VLA polarization maps of the gravitational lens system B1422+231 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.5, 5.5, 10,
20, 50, 100, 300, 500, 700, 1000), where σIF1 = 1.0593 ×10−4 Jy/beam is the off-source RMS
noise in the map. For IF 2, the contour levels are σIF2× (-5, 5, 10, 20, 50, 100, 300, 500,
700, 800, 880), where σIF2 = 1.2206 ×10−4 Jy/beam is the off-source RMS noise in the map.
Polarization vectors are plotted at points where the total intensity and polarized intensity
both exceed than five times the off-source RMS noise in the map. The vectors indicate
the orientation of the electric vector position angle (EVPA) and the length of a vector is
proportional to the linearly polarized intensity, where 1 arcsec = 1.6667 ×10−2 Jy/beam.
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Figure 4.33: VLA polarization maps of the gravitational lens system B1422+231 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-6, 6, 8,
20, 50, 100, 200, 300, 350, 370), where σIF1 = 2.2696 ×10−4 Jy/beam is the off-source RMS
noise in the map. For IF 2, the contour levels are σIF2× (-5, 5, 7, 20, 50, 100, 200, 270, 320),
where σIF2 = 2.6297 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 3.125 ×10−5 Jy/beam.
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Figure 4.34: VLA polarization maps of the gravitational lens system B1422+231 at Q band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-15, 15, 20,
30, 50, 70), where σIF1 = 2.4038 ×10−4 Jy/beam is the off-source RMS noise in the map.
For IF 2, the contour levels are σIF2× (-13.5, 13.5, 20, 30, 50, 70), where σIF2 = 2.3275
×10−4 Jy/beam is the off-source RMS noise in the map. There are no overlaid polarization
vectors because the polarized intensity does not exceed three times the off-source RMS noise
at any point in the map.
140
A
R
C 
SE
C
ARC SEC
2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
A
R
C 
SE
C
ARC SEC
2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
Figure 4.35: VLA polarization maps of the gravitational lens system B1600+434 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5, 15, 50,
100, 250, 500, 600, 680), where σIF1 = 4.3354 ×10−5 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-3.75, 3.75, 15, 50, 100, 250, 500, 550),
where σIF2 = 5.3886 ×10−5 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 6.25 ×10−3 Jy/beam.
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Figure 4.36: VLA polarization maps of the gravitational lens system B1600+434 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-6.25, 6.25,
20, 50, 100, 200, 500, 1000), where σIF1 = 2.5367 ×10−5 Jy/beam is the off-source RMS
noise in the map. For IF 2, the contour levels are σIF2× (-4, 4, 10, 20, 50, 100, 200, 350,
475, 550), where σIF2 = 4.4969 ×10−5 Jy/beam is the off-source RMS noise in the map.
Polarization vectors are plotted at points where the total intensity and polarized intensity
both exceed than five times the off-source RMS noise in the map. The vectors indicate
the orientation of the electric vector position angle (EVPA) and the length of a vector is
proportional to the linearly polarized intensity, where 1 arcsec = 6.9444 ×10−3 Jy/beam.
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Figure 4.37: VLA polarization maps of the gravitational lens system B1600+434 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-7.5, 7.5,
15, 30, 50, 100, 150, 180), where σIF1 = 1.2686 ×10−4 Jy/beam is the off-source RMS noise
in the map. For IF 2, the contour levels are σIF2× (-7.5, 7.5, 15, 30, 50, 100, 150, 180),
where σIF2 = 1.2674 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
than five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 1.1111 ×10−2 Jy/beam.
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Figure 4.38: VLA polarization maps of the gravitational lens system B1600+434 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5, 10, 30,
50, 65, 80), where σIF1 = 3.0491 ×10−4 Jy/beam is the off-source RMS noise in the map. For
IF 2, the contour levels are σIF2× (-7, 7, 15, 30, 50, 75, 100, 115, 120), where σIF2 = 2.0191
×10−4 Jy/beam is the off-source RMS noise in the map. Polarization vectors are plotted
at points where the total intensity and polarized intensity both exceed than five times the
off-source RMS noise in the map. The vectors indicate the orientation of the electric vector
position angle (EVPA) and the length of a vector is proportional to the linearly polarized
intensity, where 1 arcsec = 2.0833 ×10−5 Jy/beam.
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Figure 4.39: VLA polarization maps of the gravitational lens system B1608+656 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5.5, 5.5,
15, 50, 100, 200, 300, 400, 500, 570), where σIF1 = 4.3904 ×10−5 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-4.5, 4.5, 15, 50, 100, 200,
300, 400, 450), where σIF2 = 5.5150 ×10−5 Jy/beam is the off-source RMS noise in the map.
There are no overlaid polarization vectors because the polarized intensity does not exceed
three times the off-source RMS noise at any point in the map.
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Figure 4.40: VLA polarization maps of the gravitational lens system B1608+656 at X band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-5, 5, 10, 20,
50, 100, 200, 300, 400, 500, 600, 625), where σIF1 = 3.6544 ×10−5 Jy/beam is the off-source
RMS noise in the map. For IF 2, the contour levels are σIF2× (-4.25, 4.25, 10, 20, 50, 100,
200, 300, 400, 500, 580), where σIF2 = 3.9041 ×10−5 Jy/beam is the off-source RMS noise
in the map. There are no overlaid polarization vectors because the polarized intensity does
not exceed three times the off-source RMS noise at any point in the map.
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Figure 4.41: VLA polarization maps of the gravitational lens system B1608+656 at U band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-4.5, 4.5, 15,
30, 50, 70, 100, 120), where σIF1 = 1.5038 ×10−4 Jy/beam is the off-source RMS noise in
the map. For IF 2, the contour levels are σIF2× (-5, 5, 15, 30, 50, 70, 100, 110), where σIF2
= 1.6726 ×10−4 Jy/beam is the off-source RMS noise in the map. There are no overlaid
polarization vectors because the polarized intensity does not exceed three times the off-source
RMS noise at any point in the map.
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Figure 4.42: VLA polarization maps of the gravitational lens system B1608+656 at K band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-12, 12, 50,
100, 210), where σIF1 = 7.7210 ×10−5 Jy/beam is the off-source RMS noise in the map. For
IF 2, the contour levels are σIF2× (-11, 11, 50, 100, 150, 175), where σIF2 = 9.2454 ×10−5
Jy/beam is the off-source RMS noise in the map. There are no overlaid polarization vectors
because the polarized intensity does not exceed three times the off-source RMS noise at any
point in the map.
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Figure 4.43: VLA polarization mapsof the gravitational lens system B1608+656 at Q band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-7.5, 7.5,
10, 15, 20, 27, 34), where σIF1 = 2.7282 ×10−4 Jy/beam is the off-source RMS noise in the
map. For IF 2, the contour levels are σIF2× (-12.5, 12.5, 20, 30, 40, 43), where σIF2 = 1.8952
×10−4 Jy/beam is the off-source RMS noise in the map. There are no overlaid polarization
vectors because the polarized intensity does not exceed three times the off-source RMS noise
at any point in the map.
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Figure 4.44: Flux density for PKS 1830-211.
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Figure 4.45: Flux density for B1938+666.
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Figure 4.46: Flux density for MG 2016+112.
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Figure 4.47: Flux density for MG 0414+0534.
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Figure 4.48: Flux density for B0218+357.
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Figure 4.49: Flux density for Q0957+561.
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Figure 4.50: Flux density for B1422+231.
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Figure 4.51: Flux density for B1600+434.
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Figure 4.52: Flux density for B1608+656.
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Figure 4.53: Fractional linear polarization for PKS 1830-211.
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Figure 4.54: Fractional linear polarization for B1938+666.
160
0 5 10 15 20 25
−0.3
−0.2
−0.1
0
0.1
0.2
0.3
0.4
0.5
0.6
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
Image A
0 5 10 15 20 25
−0.2
−0.1
0
0.1
0.2
0.3
0.4
0.5
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
Image B
0 5 10 15 20 25
−0.02
0
0.02
0.04
0.06
0.08
0.1
0.12
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
Image C
Figure 4.55: Fractional linear polarization for MG 2016+112.
161
0 5 10 15 20 25
−4
−2
0
2
4
6
8
10
x 10−3
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
0 5 10 15 20 25
−6
−4
−2
0
2
4
6
8
10
12
x 10−3
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
Image A1 Image A2
0 5 10 15 20 25
−0.005
0
0.005
0.01
0.015
0.02
0.025
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
0 5 10 15 20 25
−0.1
−0.05
0
0.05
0.1
0.15
0.2
0.25
Frequency, ν (in GHz)
Fr
ac
tio
na
l L
in
ea
r P
ol
ar
iz
at
io
n,
 m
Image B Image C
Figure 4.56: Fractional linear polarization for MG 0414+0534.
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Figure 4.57: Fractional linear polarization for B0218+357.
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Figure 4.58: Fractional linear polarization for Q0957+561.
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Figure 4.59: Fractional linear polarization for B1422+231.
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Figure 4.60: Fractional linear polarization for B1600+434.
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Figure 4.61: Fractional linear polarization for B1608+656.
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The observed EVPA, assuming a single Faraday screen along the line of sight, takes the
form (e.g., Thompson et al. (2001); see also Equation (3.22))
χ = χ0 + (RM)λ
2 (4.4)
where λ is the wavelength of the electromagnetic wave, χ0 is the polarization angle at the
point of emission, and RM is the rotation measure (as defined in Equation (1.8).
Accurate estimation of the rotation measure may be a challenging task in practice due
to nπ ambiguities in the measured EVPA values, bandwidth depolarization, a low signal-to-
noise ratio, the presence of multiple Faraday screens, beam depolarization, amongst other
factors (Killeen et al., 2002). In the current observations, the primary challenge is the nπ
ambiguity in measured EVPA values. When the polarization position angle χ varies by
more than π over the range of wavelengths at which the observations are taken, it makes the
determination of the rotation measure ambiguous. This is referred to as the ’nπ ambiguity’
problem. The other problems do not pose significant challenges in the current study, because
the observed bandwidth here is narrow, the signal-to-noise is high, we assume the presence of
only a single Faraday screen (and use a data analysis method sensitive to multiple screens),
and the beamwidth is narrow.
The traditional method of determining the rotation measure has been to perform a χ2 fit
for Equation 4.4 to the data. Simard-Normandin et al. (1981) suggest that measurements
should be taken at both short and long separations in λ2 for a robust determination of the
RM. For data with shorter spacings in λ2 space, it is unlikely that a π-rotation takes place
between adjacent points, hence guarding against nπ ambiguities and an incorrect value of
RM being inferred. On the other hand, data with longer spacings make it easier to determine
the χ vs. λ2 slope more accurately.
In Vallee and Kronberg (1975) and in Haves (1975), the authors make use of a priori
knowledge of the RM obtained previously from independent studies, to set an upper limit
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Lens Image Power-Law Index Error
α ǫα
PKS 1830-211 A 0.16 0.06
B 0.33 0.06
C 1.51 0.01
D 1.60 0.08
B1938+666 A 0.99 0.02
B 0.89 0.04
C1 0.60 0.02
C2 0.61 0.03
MG 2016+112 A 0.95 0.05
B 0.95 0.07
C 0.85 0.09
MG 0414+0534 A1 1.08 0.02
A2 1.18 0.02
B 0.79 0.01
C 0.78 0.01
B0218+357 A 0.02 0.04
B 0.33 0.06
Q0957+561 A 0.70 0.04
B 0.66 0.05
C 0.88 0.03
D 1.49 0.13
E 1.31 0.11
B1422+231 A 0.61 0.03
B 0.58 0.03
C 0.59 0.02
D 0.75 0.04
B1600+434 A 0.26 0.03
B 0.25 0.01
B1608+656 A 0.23 0.01
B 0.40 0.02
C 0.26 0.01
D 0.34 0.11
Table 4.11: Power-law indices for the different lensed images. The power-law index, α, is
defined by the relation S(ν) ∝ ν−α, where S(ν) is the flux density at frequency ν.
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RMmax to the inferred RM; the estimated RM is that which is within this range and min-
imizes χ2. In Ruzmaikin and Sokoloff (1979), and more recently, Brown et al. (2003), two
wavelengths are chosen sufficiently adjacent that a rotation by π radians could not have
occurred over this λ2 separation for plausible RM values. Both methods assume prior con-
straint on the RM, which is not always known.
Sarala and Jain (2001) use a maximum-likelihood method for extracting the RM; they
exploit a distribution function for the EVPA which is invariant under angular coordinate
transformations. This method needs a large number of data points to work well.
Recent years have seen the emergence of a class of algorithms which are Fourier-based.
Killeen et al. (2002) and Brentjens and de Bruyn (2005) determine the RM by making use
of the fact that the EVPA in Equation 4.4 can be expressed as an exponent in an equation of
Fourier Transform form. Brentjens and de Bruyn (2005) call this the Rotation Measure Syn-
thesis (RM-synthesis) method. Heald et al. (2009) recognize the fact that the RM-synthesis
method is very similar to the process of synthesis imaging, and hence they employ a CLEAN
deconvolution algorithm (RM-CLEAN) to further improve the RM-synthesis method.
In our study, we lack prior constraint on the upper bound of the allowed RM. Archival
VLA data were used, so there is no opportunity to choose frequencies that will be optimal
for the estimation of the RM. There are observations at six frequency bands only, so do not
fall into the category of a large number of sample points. These constraints indicate the use
of the RM-synthesis method followed by RM-CLEAN, as elaborated below.
4.5.1 RM-synthesis followed by RM-CLEAN
In the Fourier Transform method, following Killeen et al. (2002), the flux densities in Stokes
Q and U are used to form the complex linear polarization given by (Conway and Kronberg,
1969)
P = Q+ jU = pe2jχ (4.5)
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where p =
√
Q2 + U2 is the total linearly polarized intensity, and χ = 1
2
tan−1(U/Q) is the
EVPA of the linearly polarized wave.
In the RM-synthesis method (Brentjens and de Bruyn, 2005), the RM is determined as
the value of RM which maximizes the absolute value of the following Fourier Transform-like
expression (which is an approximate reconstruction of the scaled Faraday dispersion function
(Burn, 1966)):
F (RM) =
N∑
i=1
wiPie
−2j(RM)(λ2i−λ
2
0) (4.6)
In this equation, N is the number of λ2 values at which measurements are taken, wi
are the weights (which are non-zero only at measurement points), j =
√−1, and λ20 is the
weighted average of the λ2 values. The latter is been added to the exponent to slow down
the rapid variation of the real and imaginary parts of the RMTF (defined below in Equation
(4.7)) within its main lobe.
The RM-synthesis method was improved by Heald et al. (2009) by recognizing that the
problem of constructing the Faraday dispersion spectrum in the RM domain from sparse
EVPA data in the frequency domain is similar to the problem of reconstructing an intensity
image from sparse visibility data. Accordingly, they apply a CLEAN deconvolution process
to obtain a more accurate Faraday dispersion spectrum in the RM domain. Heald et al.
(2009) call this method RM-CLEAN. Equation (4.6) is the equivalent of the dirty map, and
the equivalent of the dirty beam, called the Rotation Measure Transfer Function (RMTF)
by Brentjens and de Bruyn (2005), is
R(RM) =
N∑
i=1
wie
−2j(RM)(λ2i−λ
2
0) (4.7)
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4.5.2 Procedure used to determine Rotation Measure
The RM-synthesis method followed by RM-CLEAN, described in Section 4.5.1, was imple-
mented in MATLAB. It was first tested on simulated data, and then applied to our observed
data.
Testing the RM-determination procedure with simulated data
In the simulations, the complex linear polarization data were generated as follows:
Pi,0 = e
2jRM0λ2i (4.8)
where RM0 was chosen to be 5000 rad/m
2 and λis are the frequencies at which our data
were observed.
Errors were introduced into the data by introducing phase errors in the polarization
vector as,
Pi = Pi,0 × ej∆χi (4.9)
The mean error in EVPA, σ∆χ, at each frequency band was calculated for our lens data
across both IFs and all sources at each band. The value ∆χi at each frequency was drawn
from a normally-distributed Gaussian with zero mean and standard deviation σ∆χi. Thus,
the assumed distribution of ∆χ is
∆χi ∼ N (0, xσ∆χi,data) (4.10)
where the index i specifies the frequency band, and x is a multiplicative factor (to be later
varied).
The weighting function introduced in Equation (4.6) was chosen to be
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w = wtaper × w∆χ (4.11)
where wtaper is a taper function chosen to be proportional to a Gaussian function centered
at the mid-point of the observed frequency range, and with standard deviation equal to
one-half the observed frequency range (Heald et al., 2009):
wtaper ∝ N
((
λ2max + λ
2
min
2
)
,
(
λ2max − λ2min
2
)2)
(4.12)
This weighting function decreases the height of the sidelobes of the RMTF while increasing
the width of the main lobe. To account for the varying degrees of confidence we have in
the observations at different frequencies, due to the different sensitivities and resolutions at
different frequency bands, we introduce a weighting factor, w∆χ, in general inverse-variance
power-law form given by
w∆χ =
1
|∆χ|n (4.13)
where n is a positive integer to be varied in the simulation study.
We formulate the condition for a detection in the form,
A1
A2
≥ α (4.14)
where A1 and A2 are the highest and second highest peaks in the deconvolved RM spectrum,
and α is the adopted threshold ratio of A1/A2 for triggering a detection. The condition for
a correct detection in the simulation study is satisfaction of the condition in Equation (4.14)
and
RM0 − σRB ≤ RM(A1) ≤ RM0 + σRB (4.15)
where RM(A1) is the rotation measure inferred from the position of the peak A1 in the
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deconvolved RM-synthesis spectrum, and σRB is the standard deviation of the Gaussian
CLEAN restoring beam used to produce the deconvolved spectrum. The resulting fraction
of correct detections, fCD, in the simulation study is defined as,
fCD =
Number of correct detections
Total number of detections
(4.16)
The results for experimenting with different values of exponent n in Equation (4.19) for
100 realizations of the EVPA error drawn from Equation (4.10) are shown in Figures 4.62-
4.64. The RM-spectrum was computed over the range RM = [-10000, 10000] rad/m2, in
increments of 10 rad/m2. Figures 4.62, 4.63, and 4.64 are the results for different multiples
of the EVPA standard deviation obtained from the lens data, expressed as equivalent values
of the factor x in Equation (4.10). The top plot panels in these figures show the number of
correct detections and the bottom plot panels show the fraction of correct detections, these
being two different measures of the performance of the algorithm.
In Figure 4.62, for σ∆χi = σ∆χi,data, the algorithm performs the best for w∆χ =
1
|∆χ|2
for
both measures of algorithm performance. In Figure 4.63, for σ∆χi = 2σ∆χi,data, the algorithm
performs equally well for both w∆χ =
1
|∆χ|2
and w∆χ =
1
|∆χ|4
. In Figure 4.64, for σ∆χi =
3σ∆χi,data, the algorithm performs better with regard to the number of correct detections
for w∆χ =
1
|∆χ|4
, but performs better with regard to the fraction of correct detections for
w∆χ =
1
|∆χ|2
. Therefore, for σ∆χi = 3σ∆χi,data, w∆χ =
1
|∆χ|2
is the weighting factor that gives
the most robust performance. In the light of these observations, we chose w∆χ =
1
|∆χ|2
as
the weighting factor to be used for our lens data.
Application of the RM-determination procedure to observed lens data
The rotation measures for the lens images were determined by the RM-synthesis and RM-
CLEAN procedure outlined in Section 4.5.1. The weighting function used was Equation
(4.11),
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Figure 4.62: Performance of RM-synthesis followed by RM-CLEAN for simulated data with
the same error distribution in EVPA per frequency band as the observed data, σ∆χi =
σ∆χi,data, for different values of the exponent n in Equation (4.19). The top plot shows the
number of correct detections as a function of α, the threshold value of A1/A2 that signifies
a detection, where A1 and A2 are the heights of the highest and second-highest peaks in the
deconvolved RM-spectrum. The bottom plot shows the fraction of correct detections as a
function of α. See text for further details.
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Figure 4.63: Performance of RM-synthesis followed by RM-CLEAN for simulated data with
the same error distribution in EVPA per frequency band as the observed data, σ∆χi =
2σ∆χi,data, for different values of the exponent n in Equation (4.19). The top plot shows the
number of correct detections as a function of α, the threshold value of A1/A2 that signifies
a detection, where A1 and A2 are the heights of the highest and second-highest peaks in the
deconvolved RM-spectrum. The bottom plot shows the fraction of correct detections as a
function of α. See text for further details.
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Figure 4.64: Performance of RM-synthesis followed by RM-CLEAN for simulated data with
the same error distribution in EVPA per frequency band as the observed data, σ∆χi =
3σ∆χi,data, for different values of the exponent n in Equation (4.19). The top plot shows the
number of correct detections as a function of α, the threshold value of A1/A2 that signifies
a detection, where A1 and A2 are the heights of the highest and second-highest peaks in the
deconvolved RM-spectrum. The bottom plot shows the fraction of correct detections as a
function of α. See text for further details.
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w = wtaper × w∆χ (4.17)
where (Equation (4.12))
wtaper ∝ N
((
λ2max + λ
2
min
2
)
,
(
λ2max − λ2min
2
)2)
(4.18)
It should be noted that wtaper differs per lens image because of the different frequency ranges
over which the individual lenses are observed, and because some images for a given lens may
only be detected only at a subset of frequencies. Weighting w∆χ is given by (Equation (4.19))
w∆χ =
1
|∆χ|2 (4.19)
on the basis of conclusions drawn earlier in the simulation studies.
The RM-spectrum was computed over the range RM = [-10000, 10000] rad/m2, in in-
crements of 10 rad/m2. In the RM-CLEAN stage, the stopping criterion for CLEAN is that
the amplitude of the residual CLEAN component is less than one-tenth the amplitude of the
maximum CLEAN component. The CLEAN restoring beam is chosen to have a standard
deviation equal to 1/
√
2 ln(2) times the FWHM of the main lobe of the real part of the
dirty beam (RMTF). The FWHM is computed as the value of RM within the main lobe at
which the value of the RMTF is less than or equal to the mean of the values at the highest
and lowest features of the main lobe. In case there is no such value due to the main lobe
being very narrow and the finite spacings we used in RM space, we set the value of the
FWHM to the RM spacing, 10 rad/m2. Following Heald et al. (2009), the synthesized map
is multiplied by the factor e−2j(RM)λ
2
0 to yield the final synthesized map.
The steps in the RM determination procedure for the different lens images are illustrated
in Figure 4.65 for image A of the gravitational lens system B0218+357. Similar figures for
the rest of the lensed images are presented in Figures B.1-B.9. The values of the rotation
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measures obtained are tabulated in Table 4.12. We assumed a cutoff threshold of A1/A2 ≥ 3
to infer a reliable detection of RM. The values of RM that meet this threshold criterion are
shown in bold (without an asterisk) in the Table 4.12.
We verified the results obtained from the RM-synthesis algorithm followed by RM-
CLEAN as described above using two alternative procedures, the weighted least squares
method, and the weighted least squares method at frequencies at which we do not antici-
pate any nπ ambiguity. The rotation measure in the least squares method is computed as
(Brentjens and de Bruyn, 2005)
RM = argmin
RM ′
argmin
χ′0
∑
i
wil
2
i (RM
′, χ′0, λ
2
i ) (4.20)
where
li(RM
′, χ′0, λ
2
i ) =


|(RM ′λ2i + χ′0)mod(π)− χi,obsvd| ,when |(RM ′λ2i + χ′0)mod(π)− χi,obsvd| < 12π
|(RM ′λ2i + χ′0)mod(π)− χi,obsvd| − 12π ,when |(RM ′λ2i + χ′0)mod(π)− χi,obsvd| ≥ 12π
(4.21)
Here, the index i runs over the measurement frequencies, χi,obsvd is the observed value of
the EVPA at frequency band i, and wi is the weight factor, chosen to be
1
|∆χ|2
, as in the
RM-synthesis and RM-CLEAN procedure.
For applying the weighted least squares method at frequencies at which we do not expect
any nπ ambiguity, we first note that the highest absolute RM which is robustly detected
using the RM-synthesis and RM-CLEAN procedure is -740 rad/m2 for B1422+231, image
C1, in Table 4.12. Therefore, we chose to use weighted least squares for data at C band and
higher frequencies, because the value of RM at which a π-rotation occurs at C band is 820
rad/m2, and this value increases at higher frequencies. The rotation measure in this method
is calculated as
RM = argmin
RM ′
argmin
χ′0
∑
i
wi|(RM ′λ2i + χ′0)− χi,obsvd|2 (4.22)
where the symbols have the same meaning as in Equation (4.21), but the index i runs only
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Figure 4.65: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for image A of the gravitational lens system B0218+357. The top left
panel shows the initial dirty map, and the top right panel shows the dirty beam, with the
CLEAN restoring beam overlaid in red. The middle left panel shows the CLEAN compo-
nents obtained from the deconvolution process, and the middle right panel shows the residual
noise left in the dirty map after the CLEAN components have been subtracted. The bottom
left panel shows the result of convolving the CLEAN components with the CLEAN restor-
ing beam, and the bottom right panel shows the final RM-CLEAN spectrum. The rotation
measure is determined from the final CLEAN map in the bottom right panel as the value of
RM at which the RM-CLEAN spectrum attains its maximum.
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over the frequencies at which no π-rotation is expected.
The weighted least squares procedure is illustrated in Figure 4.66 for image A of the
gravitational lens system B0218+357. The corresponding figures for the rest of the lensed
images are presented in Figures B.10-B.18. The weighted least squares procedure at fre-
quencies with no anticipated nπ ambiguity is illustrated in Figure 4.67 for image A of the
gravitational lens system B0218+357, and the corresponding figures for the rest of the lensed
images are presented in Figures B.19-B.27. The values of rotation measure obtained from all
three methods are tabulated together in Table 4.12, and are plotted jointly in Figure 4.68.
We reject the apparent detection of rotation measure in image D of the gravitational lens
system B1422+231 from the RM-synthesis and RM-CLEAN procedure because the frac-
tional linear polarization in this image is very low and uncertain, as seen in Figure 4.59
and Table B.16. We also reject the apparent detection of rotation measure in image D of
the gravitational lens system PKS 1830-211 since rotation measure is not detected in the
brighter components in this lens system.
Apart from the detections obtained from the RM-synthesis and RM-CLEAN procedure,
we consider the detections for which at least two of the three methods give concordant values
to be tentatively robust detections also. We assume the detection is robust if the rotation
measure values from at least two of the three methods are within 200 rad/m2 of each other.
For rotation measures detected from concordance of the RM-synthesis and RM-CLEAN
procedure with at least one of the other two methods, we assume the value obtained from
RM-synthesis followed by RM-CLEAN to be the true value, because this method performs as
well as the weighted least-squares method in high-SNR situations, and performs better than
the weighted least-squares method in low-SNR situations (Brentjens and de Bruyn, 2005).
For rotation measures detected from concordance of the weighted least squares method and
the weighted least squares method at frequencies with no anticipated nπ ambiguity, we
assume the value obtained from the weighted least squares method to be the true value,
since this procedure uses more data. All the values of RM that are robustly or tentatively
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detected are shown in bold in the table, with the tentative detections inferred from the
concordance of at least two of the three methods being marked with an asterisk. If the
rotation measure is either robustly or tentatively detected for a lensed image component,
we say that the rotation measure is well-detected for that component. For these lens images
with well-detected RMs, the differential rotation measures with respect to the image in the
lens with the lowest numerical value of RM are also tabulated.
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Figure 4.66: Rotation measure determination using the weighted least-squares method for
image A of the gravitational lens system B0218+357. The rotation measure is determined
from this plot as the value of RM for which the mean-squared error attains its minimum
value. See text for further details.
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Figure 4.67: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for image A of the gravitational lens system
B0218+357. The straight line is the weighted linear least-squares fit to EVPA data for
frequencies at which no nπ ambiguity is anticipated. See text for further details.
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Lens Image RM synthesis Weighted least squares Weighted least-squares Differential RM
followed by at frequencies with
RM-CLEAN no nπ ambiguity
RM A1/A2 Restoring RM a2/a1 Width of RM MSE Error in
(in rad/m2) Beam Width (in rad/m2) trough (in rad/m2) RM (in rad/m2)
1 2 3 4 5 6 7 8 9 10 11 12
PKS 1830-211 A -810 1.73 204 -10 1.05 204 -21 2.29 28
B -3540 1.32 331 -730 1.29 212 149 17.86 70
C 5320 1.22 263 -1260 1.09 204 534 8.00 57
D 700 1.25 365 360 1.64 212 355 2.00 26
B1938+666 A 430 7.81 399 420 1.73 17 435 0.37 11
B 460 8.95 365 440 5.45 272 440 0.25 5 B-A: 30
C1 470 9.99 289 470 4.52 8 473 0.32 5 C1-A: 40
C2 480 9.02 306 470 3.60 8 475 0.59 6 C2-A: 50
MG 2016+112 A 800 1.05 17 -5650 1.05 25 558 2.43 288
B 8330 1.00 25 -2150 1.00 25 -354 0.84 138
C -990 1.29 17 -1010 1.17 17 -137 0.86 94
MG 0414+0534 A1 70∗ 1.61 17 70 2.07 17 47 0.75 30
A2 70∗ 2.29 25 70 1.46 25 68 1.68 44 A2-A1: 0
B -7030 1.01 25 1170 1.02 17 26 2.16 81
C -9370 1.04 34 -8290 1.08 17 -266 1.85 241
B0218+357 A -280 11.94 1240 -140 1.26 8 -143 4.36 17
B 540 9.34 1316 470 1.95 17 487 1.74 13 B-A: 820
Q0957+561 A -30 6.14 527 -70 2.00 263 -60 0.96 6 A-B: 110
B -1340 1.04 467 -140∗ 1.10 272 -136 0.52 11
C -240 1.29 425 -120∗ 1.48 272 -120 1.62 9 C-B: 20
D 10 4.50 17 10 1.82 17 30 0.37 4 D-B: 150
E 30 1.18 25 -1870 1.01 25 569 0 0
B1422+231 A -490∗ 2.77 493 -470 1.95 280 660 46.77 82 A-B: 250
B -740 7.66 314 -490 1.00 8 462 80.23 220
C -410∗ 2.13 297 -470 1.14 8 679 8.39 100 C-B: 330
D -7140 11.28 1019 -6870 1.04 238 -36 3.70 351
B1600+434 A 160 4.50 501 20 1.41 272 40 2.89 28 A-B: 110
B 50 5.04 484 -10 1.94 263 13 1.16 19
B1608+656 A -650 1.06 943 -3880 1.06 204 -976 3.93 274
B -1590 1.93 1028 -4720 1.01 68 -69 1.45 248
C 2960 2.09 934 1670 1.05 246 -167 1.45 180
D 8900 1.69 399 9880 1.02 93 -42 0.06 147
Table 4.12: Rotation measure values for the different lens images obtained from the RM-synthesis followed by RM-CLEAN
method, the weighted least-squares method, and the weighted least-squares method at frequencies with no nπ ambiguity. The
quantities tabulated are, by column number, (1) The lens; (2) The image; (3) Value of RM obtained from the RM-synthesis
followed by RM-CLEAN method; (4) A1/A2, the ratio of the highest to second highest peak in the CLEANed RM-spectrum;
(5) Restoring beam width, the width of the CLEAN beam used to restore the CLEAN components; (6) Value of RM obtained
from the weighted least-squares method; (7) a2/a1, the ratio of the second lowest local minimum to the lowest local minimum
in the weighted squared-error vs. RM plots (Figures B.10-B.18); (8) Width of the trough in which the minimum value of
the weighted squared error lies in the weighted squared-error vs. RM plots; (9) Value of RM obtained from the weighted
least-squares method at frequencies with no nπ ambiguity; (10) MSE, the value of the weighted mean squared error in the
weighted least-squares method at frequencies with no nπ ambiguity; (11) Error in the value of RM obtained from the weighted
least-squares method at frequencies with no nπ ambiguity; (12) Value of differential RM. Columns 4, 7 and 10 are measures
of the accuracy of the three methods, and columns 5, 8 and 11 are measures of their precision. The values of RM which are
well- detected are shown in bold, with the tentative detections being marked with an asterisk.
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Figure 4.68: Rotation measure values for the different lens images obtained from the RM-
synthesis followed by RM-CLEAN method, the weighted least-squares method, and the
weighted least-squares method at frequencies with no nπ ambiguity.
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4.6 Discussion
The rotation measure can be expressed in the form (Narasimha and Chitre, 2007)
RM ≃ 2.6× (Ne)19〈B‖〉µG
(1 + z)2
(4.23)
where (Ne)19 is the electron column density in units of 10
19 cm−2, 〈B‖〉µG is the average mag-
netic field along the line of sight in units of µG, and z is the redshift of the lens. Following
Narasimha and Chitre (2007), we make the assumption that the electron column density is
equal to the neutral hydrogen column density (Blasi et al., 1999). The published values of the
neutral hydrogen column density are tabulated in Table 4.13. Using these values, the values
of the average line of sight magnetic field, 〈B‖〉µG, are calculated, and are tabulated in Table
4.14. For each lens system, averaging 〈B‖〉µG over the different lensed images gives a measure
of the average line of sight magnetic field, while the maximum difference between the values
of 〈B‖〉µG gives an estimate of the inhomogeneity in the magnetic field. The total magnetic
field will be, on average,
√
3 times the line of sight magnetic field (Taylor, 1998). The angu-
lar separations between the multiple images, listed in Table 4.15, and the angular diameter
distances to the lens, listed in Table 4.16, are used to calculate the physical separations of
the images in the lens plane, listed in Table 4.17. The physical distances between the images
in the lens plane give an estimate of the length scales in the lensing galaxy over which we are
sampling the rotation measure. The positions of the lenses are calculated in the Galactic co-
ordinate system by using the Chandra Coordinate Conversion and Precession Tool Webpage
(2011), and are listed in Table 4.18, and plotted in Figure 4.69. This plot allows an estimate
of the path length of the light ray from the lens through our Galaxy.
Narasimha and Chitre (2007) argue that the differential rotation measure arises from the
lens only, and the residual rotation measure that is common to all images originates in the
source. The light ray paths for the lensed images have the greatest physical separation at
the lens, and the least separation at the source and in the Milky Way, so the differential
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rotation measure can be argued to originate from the lensing galaxy. Making the assump-
tion that the difference in the magnetic field is of the order of the magnetic field itself,
Narasimha and Chitre (2007) estimate the magnetic field in the lens galaxy as the average
magnetic field calculated from the differential rotation measure between the multiple images.
Regarding absolute rotation measure, there is evidence for a single dominant Faraday
screen along the line-of-sight; multiple Faraday screens would have shown up as distinct
peaks in the deconvolved RM synthesis spectrum, and we see a single strongly detected
peak in cases where the rotation measure is robustly detected. However, in qualification,
we note that since the restoring beams in the CLEAN deconvolution process often have
large widths, it is possible that a weak rotation measure component could be lost within
the main peak. Quasar cores have been observed to typically have RMs >1000 rad/m2 with
jets with RMs <100 rad/m2 (Taylor, 1998). Galactic rotation measures are typically <100
rad/m2 (Taylor et al., 2009). Most of the values of absolute rotation measure we measure
are intermediate between these values. It is possible that they also originate in the lensing
galaxy.
Magnetic field strengths have values of a few µG (e.g., Han et al. (2006)) in our own
Galaxy, and up to a few tens of µG in spiral galaxies in general (e.g., Beck (2004)). Elliptical
galaxies generally do not have ordered magnetic fields, though they have random magnetic
fields with strengths of a few to a few tens of µG (e.g., Moss and Shukurov (1996)). The
lens cluster environment also contributes to the magnetic field along the line of sight. From
observations of the Coma cluster, for example, Venturi and Giovannini (1995) conclude the
presence of a cluster-scale magnetic field of strength ∼ 0.1µG.
Due to large uncertainties in the inferred values of the electron column densities, it is not
possible to estimate the magnetic field strengths very accurately in Table 4.14. However,
the values we do obtain (∼ tens of nG to hundreds of µG) are consistent with magnetic field
strengths in spiral galaxies and in galaxy clusters, as described earlier.
In deriving the values of the magnetic field strength, we assumed that the electron column
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density is constant over the multiple lensed images in each system (except for the lens
B1600+434, for which the hydrogen column densities are known individually along the lines
of sight to the two images). This first-order assumption is an oversimplification, however.
We know, for example, that there is a molecular cloud containing HII regions in front of
image A in B0218+357 (Falco et al., 1999; Grundahl and Hjorth, 1995; Carilli et al., 2000;
Menten and Reid, 1996; Muller et al., 2007), and that the primary lensing galaxy is much
closer to image B in Q0957+561 than to the other images. Essentially, the rotation measure
is proportional to Ne〈B‖〉, and to decouple the contribution of the two factors to the rotation
measure, we need to accurately know either the electron column density distribution or the
magnetic field strength.
Gravitational Lens System Hydrogen column Reference
density in lens
(in cm−2)
PKS 1830-211 1022 Wiklind and Combes (1996),
Mathur and Nair (1997),
Oshima et al. (2001)
B1938+666 1020 Morganti et al. (2006)a
MG 2016+112
MG 0414+0534 1022 Dai et al. (2006)
B0218+357 1021 - 1023 Wiklind and Combes (1995),
Menten and Reid (1996),
Gerin et al. (1997),
Kanekar et al. (2003)
Q0957+561 1019 - 1021 Michalitsianos et al. (1997),
Gondhalekar and Wilson (1980),
Gondhalekar and Wilson (1982)
B1422+231
B1600+434 Towards image A: Dai and Kochanek (2005)
2.1 × 1021
Towards image B:
4.7 × 1021
B1608+656
aThis value is obtained from observations of 12 nearby early-type elliptical and lenticular galaxies; no HI
column density is reported for B1938+666 individually.
Table 4.13: Hydrogen column densities reported for the observed gravitational lens systems.
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Figure 4.69: Positions of the observed gravitational lens systems in the Galactic coordinate
system.
Figures 4.70 - 4.72 show the distribution of values of fractional linear polarization of
the individual lensed image components in the lens sample separately for each frequency
band. A histogram of these values is shown in Figure 4.73 for each frequency band. The
statistical properties of the lensed image fractional linear polarization per frequency band for
the sample are enumerated in Table 4.19. The values at 5 GHz are broadly consistent with
the values of fractional linear polarization measured for the cores and jets of quasars and
BL Lac objects in the 5 GHz VLBI survey of Cawthorne et al. (1993), though a few values
in our sample have greater fractional linear polarization values than their maximum of ∼
10%. It has previously been postulated (see Section 4.1) that gravitationally-lensed image
components have a higher fractional linear polarization than their unlensed counterparts.
Our finding here is, in the main, at variance with that conclusion.
In Figure 4.74, we plot the maximum absolute value of differential rotation measure
as a function of lens redshift for each lens system for which rotation measures are well-
detected. We observe that with the exception of B0218+357 at a lens redshift of ∼ 0.68,
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Gravitational Image Absolute RM Assumed electron Lens Magnetic field (in µG)
Lens System column density Redshift Calculated Average Difference Mean Difference
(in rad/m2) (in cm−2) z B‖ 〈B‖〉 ∆B‖ 〈∆B‖〉
B1938+666 A 430 1020 0.881 5.85×101 6.26×101 B-A: 4.08 5.44
B 460 6.26×101
C1 470 6.40×101 C1-A: 5.44
C2 480 6.53×101 C2-A: 6.80
MG 0414+0534 A1 70 1022 0.9584 1.03×10−1 1.03×10−1 0
A2 70 1.03×10−1 A2-A1: 0
B0218+357 A -280 1021 - 1023 0.68 -3.04×(100 − 102) 1.41×(100 − 102) 8.90×(100 − 102)
B 540 5.86 ×(100 − 102) B-A: 8.90×(100 − 102)
Q0957+561 A -30 1019 - 1021 0.36 -2.13×(101 − 103) -4.98×(101 − 103) A-B: 7.83×(101 − 103) 6.64×(101 − 103)
B -140 -9.96×(101 − 103) C-B: 1.42×(101 − 103)
C -120 -8.54×(101 − 103)
D 10 7.11×(100 − 102) D-B: 1.07×(102 − 104)
B1422+231 A -490 0.338
B -740
C -410
B1600+434 A 160 2.1 × 1021 0.41 5.83×10−1 3.32×10−1 A-B: 5.01×10−1 5.01×10−1
B 50 4.7 × 1021 8.13×10−2
Table 4.14: Magnetic field strength estimated for the lensing galaxies for which the rotation measures were well-detected.
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Gravitational Image Pair Separation Reference
Lens System (in mas)
B1938+666 B-A 861.6 JVAS Lens Summary Webpages (2002)
C1-A 905.9
C2-A 847.1
MG 0414+0534 A2-A1 408.9 JVAS Lens Summary Webpages (2002)
B0218+357 B-A 334.4 JVAS Lens Summary Webpages (2002)
Q0957+561 A-B 6166.3 This thesis, C band data
C-B 9318.0
D-B 8270.1
B1422+231 A-B 504.5 JVAS Lens Summary Webpages (2002)
C-B 819.4
B1600+434 A-B 1548.0 JVAS Lens Summary Webpages (2002)
Table 4.15: Angular separation between images in the observed gravitational lens systems
for which the rotation measures were well-detected.
Gravitational Lens System Lens Redshift Angular Diameter Distance
(in Mpc)
PKS 1830-211 0.886 1603.8
B1938+666 0.881 1601.0
MG 2016+112 1 1658.6
MG 0414+0534 0.9584 1640.4
B0218+357 0.68 1455.9
Q0957+561 0.36 1031.0
B1422+231 0.338 989.1
B1600+434 0.41 1118.9
B1608+656 0.6304 1408.4
Table 4.16: Angular diameter distances for the observed gravitational lens systems, calcu-
lated using the online cosmology calculator developed by Wright (2006). We assumed a
standard cosmological model (ΩM = 0.27, ΩΛ = 0.73) and H0 = 71 km/s/Mpc.
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Gravitational Lens System Image Pair Separation (in kpc)
B1938+666 B-A 6.7
C1-A 7.0
C2-A 6.6
MG 0414+0534 A2-A1 3.3
B0218+357 B-A 2.4
Q0957+561 A-B 30.8
C-B 46.6
D-B 41.3
B1422+231 A-B 2.4
C-B 3.9
B1600+434 A-B 8.4
Table 4.17: Lateral separation between images in the observed gravitational lens systems for
which the rotation measures were well-detected, calculated from the angular separations in
Table 4.15 and the angular diameter distances in Table 4.16.
Gravitational Lens System Galactic Longitude, l Galactic Latitude, b
(in degrees) (in degrees)
PKS 1830-211 12.17 -5.71
B1938+666 98.66 20.35
MG 2016+112 53.66 -13.63
MG 0414+0534 187.10 -31.03
B0218+357 142.60 -23.49
Q0957+561 157.57 48.19
B1422+231 26.84 68.51
B1600+434 68.64 48.58
B1608+656 98.34 40.89
Table 4.18: Positions of the observed gravitational lens systems in Galactic coordinates.
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Figure 4.70: Fractional linear polarization values for the lensed image components within
the lens sample at L and C bands.
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Figure 4.71: Fractional linear polarization values for the lensed image components within
the lens sample at X and U bands.
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Figure 4.72: Fractional linear polarization values for the lensed image components within
the lens sample at K and Q bands.
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Figure 4.73: Histogram of fractional linear polarization values for the lensed image compo-
nents within the lens sample, plotted separately for each frequency band.
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Frequency Band Frequency Fractional Linear Polarization
Mean Standard Deviation Median
mmean σm m˜
L 1.5 0.017 0.020 0.001
C 5 0.037 0.048 0.007
X 8.4 0.037 0.047 0.013
U 15 0.053 0.055 0.029
K 22 0.058 0.064 0.020
Q 43 0.053 0.049 0.036
Table 4.19: Statistical properties of the fractional linear polarization per frequency band for
the lens sample.
the maximum differential rotation measure decreases monotonically with increasing red-
shift. There is strong evidence for a molecular cloud containing one or more H II re-
gions in front of image A in B0218+357 (Grundahl and Hjorth (1995); Falco et al. (1999);
Grundahl and Hjorth (1995); Carilli et al. (2000); Menten and Reid (1996); Muller et al.
(2007); Mittal et al. (2007); see also Section 1.3), which is likely to greatly increase the
observed rotation measure for this image. However, the monotonic decrease of the max-
imum differential rotation measure for the rest of the five lenses is interesting, especially
since the lens classifications differ for these systems as evident in Table 4.7, and the sample
comprises both elliptical and spiral galaxies. The maximum differential measure is also a
measure of the degree of coherence of the magnetic field in the lens (Narasimha and Chitre,
2004), and the behavior observed in Figure 4.74 may suggest that the degree of coherence
increases with decreasing redshift, i.e., with time, the magnetic field evolves to become more
well-ordered.
In the following, we analyze the results for each lens system separately.
4.6.1 PKS 1830-211
The rotation measure for the gravitational lens system PKS 1830-211 could not be robustly
estimated, despite the lens images being well-detected in polarization. This could be caused
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Figure 4.74: Maximum differential rotation measure as a function of lens redshift for the
lens systems for which the rotation measure is well-detected.
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by the high-degree of structure in this system, both in polarization as well as in total intensity,
coupled with insufficient associated frequency sampling for this system. There are also the
complicating effects of possibly two lenses along the line of sight (Lovell et al., 1996), and the
fact that the line of sight passes close to the Galactic center in a crowded region (Jones et al.,
1996); this might be causing more depolarization than is typical along the line of sight to a
lens system.
4.6.2 B1938+666
For the gravitational lens system B1938+666, all four lensed images exhibit single, distinct
peaks in their deconvolved RM synthesis spectra, which implies the robust detection of a
single RM component for each image. The rotation measures are ∼ 500 rad/m2 for all
the images, a value which is not in the range of typical values of the rotation measure for
either AGN cores (>1000 rad/m2) or jets (<100 rad/m2) (Taylor, 1998), or the Galactic ISM
(<100 rad/m2) (Taylor et al., 2009). The presence of a single RM component may suggest
that the observed rotation measure originates from the lens, and not from the source or
our Galaxy. However, we qualify this by noting that since the restoring beams in the RM-
CLEAN deconvolution process for this lens have widths ∼ 300-800 rad/m2, a weak RM
component could be lost inside the main peak and not be detected. Not much is known
about the lensing galaxy, except the fact that it is a red, passively evolving, early-type
galaxy (Rhoads et al., 1996; Kochanek et al., 2000), making a quantitative comparison with
the observed rotation measure value difficult.
4.6.3 MG 2016+112
We did not detect any regular polarization structure or any RM components in the grav-
itational lens system MG 2016+112. The lens is known to be a giant elliptical galaxy
(Lawrence et al., 1984), so it is possible that the random distribution of magnetic fields in
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the lens galaxy cause depolarization in the images, and this results in no regular polarization
structure being observed.
4.6.4 MG 0414+0534
The gravitational lens system MG 0414+0534 has rotation measures <100 rad/m2 for two
of the images, A1 and A2. These rotation measures did not meet the RM-synthesis and
RM-CLEAN detection threshold, but were classified as robust detections based on the fact
that values from all three RM determination methods were concordant. Given that the
lensing galaxy in this case is an elliptical galaxy (Falco et al., 1997), and that the measured
rotation measures are <100 rad/m2 and the differential rotation measure is low, could mean
that we are observing a jet component which has suffered Faraday Rotation at the source
or in our Galaxy, but not at the lens itself.
4.6.5 B0218+357
The two images in the gravitational lens system exhibit a differential rotation measure of
820 rad/m2, which is high even for a spiral galaxy, especially considering the fact that the
two lines of sight are separated by only 2 kpc in the plane of the spiral lensing galaxy. There
is evidence for a molecular cloud which contains HII regions in front of image A (Falco et al.,
1999; Grundahl and Hjorth, 1995; Carilli et al., 2000; Menten and Reid, 1996; Muller et al.,
2007). The combination of high electron column densities and strong magnetic fields in
the molecular cloud could cause a large Faraday Rotation in image A, while the Faraday
Rotation in image B is likely to originate from a spiral arm or an inter-arm region in the
lens galaxy. The fact that the RM components for the two images are well-detected in the
deconvolved RM synthesis spectra, and have opposite signs, suggest that the magnetic field
along the line of sight undergoes a direction reversal on the scale of 2 kpc, which indicates
the presence of considerable inhomogeneities in the magneto-ionic medium of the lens on
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this scale.
4.6.6 Q0957+561
For the gravitational lens system Q0957+561, the rotation measures for images A, B, and
D are well-detected in the deconvolved RM synthesis spectra, while the RM of image C is
determined from the fact that the three methods we used for determining the rotation mea-
sure give concordant results. The images in this lens system have large angular separations
(several arcsec) and corresponding large lateral physical separations in the lens plane (several
tens of kpc), so the light rays corresponding to the different images encounter very different
environments along the line of sight. The lensing galaxy is known to be much closer to image
B than to the other images (Stockton, 1980), so it will have a greater effect on image B than
on any other images. However, the main lensing galaxy is an elliptical galaxy (Young et al.,
1980, 1981a) and is unlikely to have coherent magnetic fields that can produce observable
Faraday Rotation in the images. There is evidence of many other intervening absorption
systems along the line of sight (Weymann et al., 1979; Young et al., 1981b; Garrett et al.,
1992; Michalitsianos et al., 1993; Angonin-Willaime et al., 1994; Turnshek and Bohlin, 1993;
Michalitsianos et al., 1997; Zuo et al., 1997), and the origin of the observed rotation mea-
sures in the lensed images could lie in these sources. We also note that the time delay
between images A and B is very large (∼ 417 days) (Shalyapin et al., 2008), and AGNs usu-
ally are variable over this time scale, so the measured differential rotation measures should
be treated with caution as our single-epoch observations do not allow a correction for time
variability. Images C and D show much greater polarization structure than images A and B;
this fact combined with the large separations of the images in the lens plane, could suggest
that we are observing different parts of the source in the different images.
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4.6.7 B1422+231
The highest absolute rotation measure in the gravitational lens system B1422+231 is -740
rad/m2, which is very high for its associated lens galaxy classification as an early-type
elliptical galaxy. However, the differential rotation measure of 250 rad/m2 between images
A and B agrees very well with the earlier reported value of 280 ± 20 in VLBI observations
conducted by Patnaik et al. (1999).
4.6.8 B1600+434
We estimated the absolute rotation measures for the two images in gravitational lens system
B1600+434 to be <200 rad/m2, and the differential rotation measure to ∼ 100 rad/m2,
which, being of the same order as the average Galactic rotation measure, is consistent with
the spiral lens classification for this lens system. There is evidence of dust-reddening in
image B (Jackson et al. (1995, 2000)), which seems to indicate that the line of sight to this
image passes through a region of some extinction in the lensing galaxy.
4.6.9 B1608+656
We did not detect any regular polarization structure or any RM components in the gravita-
tional lens system B1608+656. This is not unexpected, since one of the lensing galaxies is
an elliptical galaxy (Surpi and Blandford, 2003), and there are several other galaxy groups
in the foreground (Fassnacht et al., 2006), all or several of which together could cause depo-
larization.
4.7 Future Work
On the basis of our experiences in reducing and analyzing these data, we present the following
suggestions for future polarization surveys of gravitational lenses:
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1. Improved angular resolution will decrease depolarization effects due to blending of
lensed images.
2. Improved sensitivity will result in more precise measurements of Stokes I, Q, and U ,
and hence provide more precise values of the EVPA and fractional linear polarization
values used in the RM synthesis and RM CLEAN algorithm.
3. More evenly spaced λ2 sampling points will reduce the heights of the sidelobes of the
RMTF; in addition, sampling a larger range in λ2 will decrease the FWHM of the
RMTF (Brentjens and de Bruyn, 2005). The EVLA will be especially helpful in this
regard.
4. Longer term observations can determine and eliminate the effects of errors introduced
due to source variability due to gravitational time delay between individual lensed
images.
5. Zeeman polarimetry of radio lines detected toward several lensed components (e.g.,
HI toward B0218+357) should be used to provide independent measures of magnetic
field, where sensitivity allows.
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Chapter 5
Low-Frequency VLA Polarization
Observations of the Gravitational
Lens System B0218+357
5.1 Introduction
In this chapter, we present low-frequency VLA polarization observations of the gravitational
lens system B0218+357 at P, L and C bands, with the goal of understanding the properties
of the lens at arcsecond resolution at these frequencies. This includes a study of polarization
morphology in this lens system, and the influence of propagation effects in the lensing galaxy.
Several studies have examined the propagation effects in this system. Biggs et al. (2003)
argue that scatter-broadening is responsible for the frequency-dependent sizes of the lensed
images A and B based on their VLBI observations at 8.4 GHz. They assert that scattering
in the lensing galaxy causes image A to appear larger than it would appear in the absence
of scattering. On the other hand, Mittal et al. (2007) assert that free-free absorption in the
ISM in front of image A is the cause for the frequency-dependence of the flux-density ratio
between images A and B over the range 8.4 GHz - 15.4 GHz, in which they conducted VLBI
observations. However, Jethava et al. (2007) found the magnification ratio to be constant
within the formal errors over the frequency range 8.6-43.2 GHz in a separate VLA study,
encompassing the frequency range of the VLBI observations of Mittal et al. (2007), and
they therefore conclude that there is no evidence for significant free-free absorption over this
frequency range.
The polarization position angle of the Einstein ring has been found to be radially di-
rected in the 8.4 GHz VLA observations of O’Dea et al. (1992) and Biggs et al. (2003). If
the emission from the ring does not undergo significant Faraday Rotation, and we are view-
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ing the intrinsic polarization angles at the source, O’Dea et al. (1992) conclude that this
would imply that the magnetic field in the source is circumferential. Biggs et al. (2003)
find the polarization structure in the ring puzzling, and attempt to explain this structure
by postulating that the Faraday depth varies along the ring in such a way that it produces
radially oriented polarization vectors, though they acknowledge that such a configuration
of Faraday depths in the lensing galaxy would be surprising. Conner et al. (1998) argue
that radial orientation of polarization vectors in a lensed ring would have to correspond to
a similar fortuitous polarization structure in the corresponding background jet.
At the low frequencies (330 MHz - 5 GHz) of the current observations, propagation
effects such as scattering and free-free absorption are more pronounced. Therefore, these
observations are useful in constraining the competing theories of propagation effects in the
lensing galaxy outlined above. In addition, the Einstein ring is very clearly visible at L band,
and these data provide a new opportunity to explore the radial polarization morphology.
In Section 5.2 we describe the observations and data reduction. The results are presented
in Section 5.3 and the discussion in Section 5.4.
5.2 Observations and Data Reduction
Multi-frequency VLA polarization observations of the gravitational lens system B0218+357
were undertaken on August 31, 1998, from 08h40m - 14h40m, for a total observing time
of 6 hours under project code AP365. The sources observed were B0218+357 (the lens);
B0134+329 (3C48, primary calibrator), which was used for absolute amplitude and EVPA
calibration; and B0234+285 (secondary calibrator), which was used for phase calibration.
The observations were scheduled as interleaved snapshot scans multiplexed between the
different sources and frequencies. The observations were made in the VLA P, L, and C
bands.
The VLA was in the B configuration, with 27 participating antennas. The angular reso-
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Frequency Band Frequency (GHz) Wavelength (cm) Synthesized Beamwidth a (arcsec)
P 0.33 90 18 b
L 1.5 20 3.9
C 5 6 1.2
aEstimated from a full 12 hour synthesis observation of a source which passes close to the zenith. The
map is uniformly weighted and untapered.
bThe value of the synthesized beamwidth at 90 cm was unavailable, so it was estimated by linearly
interpolating between the values at 20 cm and 400 cm
Table 5.1: Resolution of the VLA in B configuration at different frequencies (from
http://www.vla.nrao.edu/astro/guides/vlas/current/node10.html).
lution of the array in this configuration is enumerated for the different observing frequencies
in Table 5.1. The correlator integration time was 10 seconds and the data were correlated
in single-channel continuum mode. The frequency configuration was as follows. At P band,
a single IF of bandwidth 3.125 MHz was tuned to a DC-edge frequency of 327.5 MHz; at L
band, a single IF of bandwidth 50 MHz was tuned to a DC-edge frequency of 1.4649 GHz;
and at C band, the two IFs of 50 MHz bandwidth were tuned to DC-edge frequencies of
4.8851 GHz and 4.8351 GHz respectively.
The data were reduced using the 31DEC07 version of AIPS1, using standard VLA data
reduction practices (Greisen, 2003). Initial data reduction steps included correcting for
baseline errors, interactive editing, and establishing the absolute flux density scale relative
to the calibrator 3C48 (Perley and Taylor, 1991). At L and C bands, the data for the two
calibrators were first self-calibrated in phase only, and then self-calibrated in amplitude and
phase. Solutions from the phase calibrator were then interpolated and applied to the lens.
At P band, the phase calibrator B0234+285 was fainter and more extended than the target
lens. Therefore, at this frequency, the phase calibrator B0234+285 was not used in the
reduction. Instead, the data for the primary calibrator and the lens were self-calibrated
only.
The source models were further refined in Difmap using the approach described in Section
1http://www.aips.nrao.edu
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4.4. A final amplitude and phase calibration step was performed in AIPS using the refined
source models. Polarization calibration was then performed, using both the calibrators at L
and C bands, and the primary calibrator and the lens at P band.
The amplitude calibrator and the lenses are then imaged in Stokes I, Q, and U using the
CLEAN deconvolution algorithm. The integrated flux densities in Stokes I, Q and U were
measured in an image box enclosing the central brightest component.
The electric vector position angle (EVPA), is calculated from Stokes Q and U values as
χ = 1
2
tan−1
(
U
Q
)
.
The absolute EVPAs at L and C bands were determined relative to the adopted EVPAs
of 3C482 of -30 and -74 degrees respectively. 3C48 is unpolarized at P band, therefore, there
was no reference EVPA value available for absolute EVPA calibration of the lens at this
frequency.
5.3 Results
The polarization maps of the lens at the different frequencies of observation are shown in
Figures 5.1, 5.2, and 5.3. The integrated flux density values are tabulated in Table 5.3
and plotted in Figure 5.4, the fractional polarization values are tabulated in Table 5.3 and
plotted in Figure 5.5, and the EVPA values are tabulated in Table 5.3.
2The values of the absolute EVPA, calculated as one-half of the R-L phase difference, were obtained from
http://www.vla.nrao.edu/astro/calib/manual/polcal.html
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Figure 5.1: VLA polarization map of the gravitational lens system B0218+357 at P band.
Stokes I is plotted at contour levels of σIF1× (-5, 5, 10, 20, 50, 100, 200, 300, 320), where
σIF1 = 7.084 ×10−3 Jy/beam is the off-source RMS noise in the map. There are no overlaid
polarization vectors because the polarized intensity does not exceed three times the off-source
RMS noise at any point in the map.
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Figure 5.2: VLA polarization map of the gravitational lens system B0218+357 at L band.
Stokes I is plotted at contour levels of σIF1× (-10, 10, 20, 50, 100, 200, 1000, 5000, 10000),
where σIF1 = 1.224 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
four times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 1.2821 ×10−3 Jy/beam.
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Figure 5.3: VLA polarization maps of the gravitational lens system B0218+357 at C band:
IF 1(left), IF 2 (right). For IF 1, Stokes I is plotted at contour levels of σIF1× (-15, 15, 20,
50, 100, 500, 1000, 2000, 5000, 10000, 15000, 17000), where σIF1 = 7.099 ×10−5 Jy/beam
is the off-source RMS noise in the map. For IF 2, the contour levels are σIF2× (-12, 12,
20, 50, 100, 500, 1000, 2000, 5000, 10000, 12000), where σIF2 = 9.619 ×10−5 Jy/beam is
the off-source RMS noise in the map. Polarization vectors are plotted at points where the
total intensity and polarized intensity both exceed five times the off-source RMS noise in
the map. The vectors indicate the orientation of the electric vector position angle (EVPA)
and the length of a vector is proportional to the linearly polarized intensity, where 1 arcsec
= 8.3333 ×10−3 Jy/beam.
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Frequency IF Frequency Flux Density, S (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
P IF 1 0.3275 2.4286 1.8 × 10−2 1.8× 10−2
L IF 1 1.4649 1.6574 5× 10−4 5× 10−4
C IF 2 4.8351 1.2965 1.2963 3× 10−4 2.8× 10−4 3× 10−4
IF 1 4.8851 1.2961 2× 10−4 2.8× 10−4
Table 5.2: Flux density values for the gravitational lens system B0218+357 at the frequencies
of observation. Error estimates σI and ǫI were derived using the methods described in Section
4.4.
Frequency IF Frequency Fractional Linear Polarization , m
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
P IF 1 0.3275 1.01 × 10−2 9.5× 10−4 9.5× 10−4
L IF 1 1.4649 2.2× 10−3 2.0× 10−4 2.0× 10−4
C IF 2 4.8351 2.726× 10−2 2.723× 10−2 1.7× 10−4 4.4× 10−5 1.7× 10−4
IF 1 4.8851 2.720× 10−2 1.7× 10−4 1.7× 10−4
Table 5.3: Fractional linear polarization values for the gravitational lens system B0218+357
at the frequencies of observation. Error estimates σm and ǫm were derived using the methods
described in Section 4.4.
Figure 5.6 shows a log-log plot of flux density versus frequency. The plot is very nearly
linear, and yields a fitted value of power-law index α = 0.23± 0.01 over the frequency range
330 MHz - 5 GHz. This agrees very well with the values of the power-law index derived at
higher frequencies, as listed in Table 4.8.
5.4 Discussion
The Einstein ring in the gravitational lens system B0218+357 has a steeper flux density
spectrum (α ∼ 0.6) than the images A and B (α ∼ 0.2) (Patnaik et al., 1993). Therefore,
with decreasing frequency, the flux density of the ring increases more rapidly than the images
A and B.
In the C band maps shown in Figure 5.3, the two images A and B are blended together,
and the Einstein ring is not bright enough to be detected. At this frequency, the lens system
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Frequency IF Frequency EVPA, χ (in degrees)
Band (in GHz) Measured Mean Random Error Systematic Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
P IF 1 0.3275 70.76a 2.70 2.70
L IF 1 1.4649 -58.31 2.51 2.51
C IF 2 4.8351 -164.96 -164.91 0.18 0.07 0.18
IF 1 4.8851 -164.86 0.17 0.17
Table 5.4: EVPA values for the gravitational lens system B0218+357 at the frequencies of
observation. Error estimates σχ and ǫχ were derived using the methods described in Section
4.4.
aUncorrected for R-L phase difference since no absolute EVPA calibrator was available at this frequency
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Figure 5.4: Flux density as a function of frequency.
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Figure 5.5: Fractional linear polarization as a function of frequency.
213
−1.5 −1 −0.5 0 0.5 1 1.5 2
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
ln(ν)
ln
(S
)
α = 0.23 ± 0.01
Figure 5.6: Flux density as a function of frequency on a log-log scale. The fitted power-law
index value is α = 0.23±0.01. The power-law index, α, is defined by the relation S(ν) ∝ ν−α,
where S(ν) is the flux density at frequency ν.
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has a relatively simple structure in both total intensity and polarization.
In the P band map shown in Figure 5.1, we are likely seeing emission from both images
A and B and the ring, given their relative flux density power-law indices. The observed
structure is simple in both total intensity and polarization because of the low resolution at
this frequency.
In the L band map shown in Figure 5.2, the lens system shows a high degree of polar-
ization structure. We observe that the polarization vectors are oriented in a roughly radial
direction on the outer edges of the image. The same radial structure is seen in the 8.4 GHz
VLA maps of O’Dea et al. (1992) and Biggs et al. (2003). Therefore, we conclude that we
are detecting emission from both the images A and B and from the ring. The sensitivity
of the VLA array at L band is nearly identical to that at C band, but because of its steep
spectrum, the ring has higher relative brightness at the lower frequency.
The Einstein ring is visible in great detail in the L band map shown in Figure 5.2. The
outer parts of the polarization maps correspond to the outer parts of the ring. We argue
that these are unlikely to be affected significantly by Faraday rotation effects, since the lines
of sight to those regions will pass through the outer regions of the lensing galaxy, where the
matter density is low.
The polarization map in Figure 5.2 is plotted without the associated total intensity
contours in Figure 5.7, in order to reveal the polarization structure more clearly. The red dot
marks the position of the total intensity peak. We observe point symmetry in the polarization
structure about the point marked with a green dot, which is the point estimated by eye to
be the center of the ring, and hence the center of the lensing galaxy. Corresponding features
illustrating point symmetry about the center of the lens are marked (R1,R1
′
), (R2,R2
′
) and
(R3,R3
′
). The region marked J could possibly be an unlensed jet component.
We note that the polarization structure is not as exactly radial as it may have seemed in
the higher resolution, lower-sensitivity 8.4 GHz maps of O’Dea et al. (1992) and Biggs et al.
(2003). Rather, there are arc-like point-symmetric features (R1,R1
′
), (R2,R2
′
) and (R3,R3
′
)
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Figure 5.7: A re-drawing of Figure 5.2, plotted without the total intensity contours. The
red dot marks the position of the total intensity peak, and the green dot is the estimated
center of the ring, and hence the center of the lensing galaxy. Pairs of lensed arcs (R1,R1
′
),
(R2,R2
′
) and (R3,R3
′
) illustrate the point symmetry about the center of the lens. The region
marked J is likely to be an unlensed jet component.
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on opposite sides of the center of the ring, and on opposite sides of it. We conclude that
each of these individual features R1, R1
′
, R2, R2
′
, R3 and R3
′
are gravitationally-lensed arcs
because the polarization position vector is nearly constant throughout each of these regions
and nearly parallel in the point-symmetric counterpart.
The presence of pairs of lensed arcs of comparable sizes suggests that the lensing mass
distribution is nearly circularly symmetric, as illustrated in Figure 5.8. This diagram shows
how a non-singular circularly-symmetric lens images a compact source very near the central
point caustic into two arcs of nearly the same size. We note that such a configuration of
nearly equal-sized arcs on opposite sides of the lens center is not possible when the lensing
mass distribution significantly deviates from spherical symmetry, as illustrated in Figures 5.9
and 5.10. These images show a compact source and a resolved source, respectively, lensed
by an elliptical lens. The very nearly circular shape of the Einstein ring in our L-band map
presented here also suggests that the lensing mass distribution is nearly circular symmetric.
However, from the fact that the center of the Einstein ring does not lie on the line joining
the images A and B, Patnaik et al. (1995) argue that the lens potential is non-spherical. The
core-jet axes in images A and B do not have the same orientation; this is visible in VLBI
images at 8.4 GHz (Kemball et al., 2001), and at 43 GHz (Figure 3.4, this thesis). This
provides further evidence that the lensing potential is non-circular in projection on the lens
plane, since this rotation of orientation is not seen in the lensing of a compact source near the
outer circular caustic of the non-singular circularly-symmetric lens in Figure 5.8. However,
such a rotation is observed, for example, when a compact source is present at the position
of the dark blue dot in the left panel of Figure 5.9. Therefore, combining the information
available from the ring and from the images A and B, we conclude that the lensing mass
distribution is nearly but not exactly circularly-symmetric.
In conclusion, we have satisfactorily explained the apparent puzzling radial orientation of
the polarization vectors in the ring observed in earlier studies by noting that in polarization,
the ring is made up of pairs of arcs with similar orientation of polarization vectors, thus
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Figure 5.8: Images of a compact source produced by a non-singular circularly-symmetric
lens (Figure 18 from Narayan and Bartelmann (1996)). The figure on the right shows the
caustics and the positions of the source in the source plane, and the figure on the left shows
the critical curves and the positions of the lensed images in the lens plane. A source close
to the inner point caustic in the source plane produces two arcs near the outer critical
curve, and a faint image near the center. A source close to the outer caustic in the source
plane produces a radially elongated image near the inner critical curve, and a tangentially
elongated image near and outside the outer critical curve in the lens plane.
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Figure 5.9: Images of a compact source produced by an elliptical lens (Figure 19 from
Narayan and Bartelmann (1996)). In each panel, the figure on the right shows the caustics
and the positions of the source in the source plane, and the figure on the left shows the
critical curves and the positions of the lensed images in the lens plane.
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Figure 5.10: Images of compact and extended sources produced by an elliptical lens (Figure
20 from Narayan and Bartelmann (1996)). In each panel, the figure on the right shows the
caustics and the positions of the source in the source plane, and the figure on the left shows
the critical curves and the positions of the lensed images in the lens plane.
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each representing lensed images of the same small regions of the source very near the line
of sight to the center of the lens. We think this is a more plausible explanation than the
earlier proposals of a circumferential magnetic field in the source (O’Dea et al., 1992), the
variation of Faraday depth along the ring in such a way that it produces radially oriented
polarization vectors (Biggs et al., 2003), or a fortuitous radial polarization structure in the
corresponding background jet (Conner et al., 1998).
In Table 5.3 and Figure 5.5, we observe that the fractional polarization at P band is lower
than at C band, following the trend of decreasing fractional polarization with decreasing
frequency seen in Table B.23. At the lower resolutions corresponding to lower frequencies,
regions with different polarization angles are spatially averaged, resulting in a net lower
observed fractional polarization. However, the fractional polarization at L band is lower
than that at P band; this can be explained by the high degree of polarization structure in
the lens, leading to pronounced spatial depolarization.
Refractive scattering models predict scatter-broadening of the background source by
inhomegeneities in the lens; a point source is observed as a circular disk of angular radius
θ in the scattering plane (the lens in this case). The true scattering angle is (Mittal et al.
(2007); Equation (5.1))
θˆ =
Ds
Dls
θ (5.1)
where Ds and Dls are the angular diameter distances to the source and between the lens
and source, respectively, as described in Section 3.4.
By fitting Gaussian functions (using the AIPS task JMFIT) to the lensed components,
we obtain the measured values of the major and minor axes, am and bm, and the decon-
volved values, a and b. The errors σa and σb in the deconvolved values are assumed to be
proportional to the errors σam and σbm in the corresponding measured values respectively:
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σa =
a
am
σam
σb =
b
bm
σbm
(5.2)
The equivalent circular size is defined as
θ =
√
a× b (5.3)
and the error in θ is calculated by propagating the errors in a and b in Equation (5.3) to
yield
σθ =
√
a2σ2b + b
2σ2a (5.4)
The values of the deconvolved major and minor axes, and the equivalent scattering sizes,
are listed in Table 5.4.
Frequency IF Frequency Deconvolved Size, θ (in arcsec)
Band (in GHz) Major Axis Minor Axis Equivalent Circular Size
a b θ =
√
a× b
P IF 1 0.3275 7.366749 ± 0.0425 5.426266 ± 0.0312 6.3225 ± 0.3256
L IF 1 1.4649 1.101116 ± 0.0817 0.882413 ± 0.0655 0.9857 ± 0.1020
C IF 2 4.8351 0.407386 ± 0.0300 0.241467 ± 0.0178 0.3136 ± 0.0103
IF 1 4.8851 0.405899 ± 0.0296 0.240212 ± 0.0175 0.3123 ± 0.0101
Table 5.5: Deconvolved image sizes obtained from fitting Gaussian functions to the lensed
components; ai and bi are the major and minor axes obtained from the Gaussian fit, ab
and bb are the major and minor axes of the restoring beam in the CLEAN deconvolution
algorithm used to produce the lens map.
For a homogeneous scattering screen, the Scattering Measure (SM) relation (Equation
(3.28)) implies a functional dependence θ ∼ ν−2.2.
Figure 5.11 shows a log-log plot of deconvolved image size as a function of frequency.
The plot is linear, with a slope of -1.1 ± 0.1, which is considerably different from the slope
of -2.2 that would result if scattering were present. Therefore, we conclude that refractive
scattering is not a significant propagation effect in this lens system at arcsecond resolution.
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Figure 5.11: Deconvolved image size as a function of frequency.
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The free-free optical depth, τff , under conditions of Local Thermodynamic Equilibrium
and homogeneous electron density and temperature, was defined earlier as Equation (3.30)
(Mittal et al., 2007)
τff = 3.19× 10−7
(
Te
104K
)−1.35(
EM
cm−6pc
)(
ν ′
GHz
)−2.1
(5.5)
in which Te is the electron temperature, ν
′ = ν(1 + zl) is the frequency at the redshift zl of
the lens galaxy, and EM = n2eL is the Emission Measure, where ne is the electron density
in the HII region and L is the depth of the HII region. Background radiation, I0(ν), is
attenuated by free-free absorption as defined in Equation (3.29):
Iff (ν, τ) = I0(ν)e
−τff (ν) , (5.6)
I0(ν) can be expressed as
I0(ν) = Aν
−α , (5.7)
where A is the intensity of the background radiation at ν = 1 GHz, and β is the spectral
index. Equation (5.6) can be rewritten as
Iff (ν) = Aν
−βe−Cν
−2.1
, (5.8)
where, from Equation (5.5),
C = 3.19× 10−7
(
Te
104K
)−1.35(
EM
cm−6pc
)(
(1 + zl)
GHz
)−2.1
(5.9)
The specific intensity I computed from the flux density S as
I =
S
N
(5.10)
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Frequency IF Frequency Specific Intensity (in Jy/beam)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
P IF 1 0.3275 3.78× 10−1 2.8× 10−3 2.8× 10−3
L IF 1 1.4649 9.92× 10−2 3.0× 10−5 3.0× 10−5
C IF 2 4.8351 1.372× 10−1 1.374× 10−1 3.1× 10−5 3.0× 10−5 3.1× 10−5
IF 1 4.8851 1.376× 10−1 2.3× 10−5 3.0× 10−5
Table 5.6: Specific intensity values for the gravitational lens system B0218+357 at the fre-
quencies of observation. Error estimates σI and ǫI were derived using the methods described
in Section 4.4.
where N = nimage/nbeam is the number of beams in the enclosing box used to compute the
flux density, nimage is the number of pixels in the box, and nbeam is the beam area in pixels.
The values of specific intensity are listed in Table 5.4. Using these values in Equation (5.8)
to solve for the unknown parameters (A,C, β) does not yield physically reasonable positive
values of C and β. Therefore, we conclude that free-free absorption is not favored as an
explanation for the dominant propagation effect in this lens system at arcsecond resolution.
In conclusion, we find that neither scattering nor free-free absorption provide a good
model for propagation effects at arcsecond resolution in the gravitational lens system
B0218+357.
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Chapter 6
Milliarcsecond Faraday rotation in
the lensing galaxy of B0218+357 at
z ∼ 0.68
In this section, we present multi-frequency VLBI observations of the gravitational lens
B0218+357 obtained with an array comprising the VLBA, a single VLA antenna, and the
Effelsberg telescope under VLBA project code BK56. The auxiliary VLA calibration obser-
vations are presented in Section 6.1, and the VLBA observations are presented in Section
6.2. The results and discussion are presented in Section 6.3.
6.1 VLA observations and data reduction
Auxiliary VLA observations are needed to determine the flux density and absolute polariza-
tion electric vector position angle (EVPA) of the associated VLBA polarization observations.
This cannot be done with the VLBA alone as this array does not measure the absolute phase
relationship between right and left receptor polarizations.
The VLA data reduction procedure is illustrated diagrammatically in Figure 3.1. These
archival observations were taken on March 6, 1999 under VLA project code BK56. The
sources observed were B0218+357 (the lens), J0521+166 (3C 138, primary calibrator), and
J0359+509, J0238+166 and J0319+415 (secondary calibrators). The primary calibrator
J0521+166 is used for flux and EVPA calibration. The observations were carried out at
X, U, K and Q bands. The observed frequency band codes, corresponding frequencies, and
wavelengths are listed in Table 6.1. Two IFs of bandwidth 50 MHz each were used at each
frequency. The data were correlated in continuum mode with a correlator integration time
of 10 seconds. Fourteen VLA antennas were used for observing at X and U bands and twelve
226
antennas were used for observing at K and Q bands. The VLA was in the C configuration
for these observations; the synthesized beamwidths of the VLA in this configuration at the
different observing bands are shown in Table 6.2. Periodic reference pointing was used to
augment the absolute pointing model at the highest frequencies.
Frequency Band Frequency (GHz) Wavelength (cm)
X 8 2.3
U 15 1.2
K 22 0.9
Q 43 0.47
Table 6.1: Observation frequency bands, and the corresponding frequencies and wavelengths.
Frequency Band Frequency (GHz) Synthesized Beamwidtha (arc seconds)
X 8 2.3
U 15 1.2
K 22 0.9
Q 43 0.47
aEstimated from a full 12 hour synthesis observation of a source which passes close to the zenith. The
map is uniformly weighted and untapered.
Table 6.2: Resolution of the VLA in the C configuration at the different observation fre-
quencies (from http://www.vla.nrao.edu/astro/guides/vlas/current/node9.html).
The data were reduced using the 31DEC07 version of AIPS following the general data
reduction heuristics described in section 3.1. In the phase calibration step, a solution interval
of 20 seconds was used with an SNR cutoff of 5 at all frequencies except for Q band, for
which an SNR cutoff of 7.5 was used due to the poor quality of the data at this higher
frequency. Finally, an enclosing image box was used in the resultant images around the
brightest component to sum the mean integrated flux density for each source in Stokes I,
Q, and U .
The derived flux densities at the four observation frequencies are tabulated in Table 6.3.
The flux densities obtained at K-band and Q-band for the lens and the calibrators were
compared with published Metsa¨hovi single-dish flux densities from Tera¨sranta et al. (2004)
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at 22GHz and 37 GHz respectively. The flux densities are found to be in good agreement
for most of the sources, particularly for those known to be compact calibrators.
The electric vector position angles (EVPAs) at the different observation frequencies are
tabulated in Table 6.4. The EVPA values listed are absolute EVPA values relative to the
adopted absolute EVPA value for J0521+166 listed in Table 6.5 (Perley and Taylor, 1999).
6.2 VLBA observations and data reduction
Multi-frequency VLBA observations of B0218+357 under project code BK56 were under-
taken for 12 hours for each of the two paired frequency sets; from 16h30m on 5 March 1999
to 04h30m on 6 March 1999 at 8 GHz and 15 GHz, and from 16h30m on 6 March 1999 to
04h30m on 7 March 1999 for 22 GHz and 43 GHz. The observing schedule was set up to
alternate between 11 minutes of observing time at each paired frequency, separated by 2
minute time intervals. The antennas used were the ten VLBA antennas, a single VLA an-
tenna and the Effelsberg antenna. The calibrator sources J0359+509, 3C84 and J0238+166
were observed for the purposes of flux density and polarization calibration. The observations
used dual-polarization recording and 2-bit quantization. The data were taken over four IFs,
with 8 frequency channels per IF, for a total recorded bandwidth of 16 MHz per polarization.
The four IFs were contiguous at 22 GHz and 43 GHz. At 8 GHz and 15 GHz, IFs 1 and 2
were contiguous, as were IFs 3 and 4, but the two IF sets were separated by ∼ 236 MHz to
improve the sensitivity to Faraday rotation measurement. At 8 GHz and 15 GHz, IFs 1 and
2 were imaged together, and IFs 3 and 4 were imaged together. At 22 GHz and 43 GHz, all
four IFs were imaged jointly.
The data were reduced using the 31DEC07 version of AIPS, using techniques developed
by Kemball et al. (1995b) and Kemball et al. (2001), described in detail in Section 3.2. The
VLBA data reduction procedure is illustrated diagrammatically in Figure 3.2. The data were
first flagged on the basis of online system flags and at low elevations, and then interactively
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Source IF Flux Density (in Jy)
Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
J0521+166 IF 1 2.43
IF 2 2.38
J0359+509 IF 1 3.93 3.97 2.52×10−2 5.75×10−2 5.75×10−2
IF 2 4.01 2.62×10−2 5.75×10−2
J0238+166 IF 1 1.11 1.11 3.36×10−3 6.02×10−3 6.02×10−3
IF 2 1.10 3.34×10−3 6.02×10−3
J0319+415 IF 1 20.13 20.17 9.28×10−2 5.49×10−2 9.28×10−2
IF 2 20.21 9.71×10−2 9.71×10−2
J0221+359 IF 1 1.19 1.19 5.48×10−3 5.15×10−3 5.48×10−3
IF 2 1.19 5.65×10−3 5.65×10−3
X Band (8 GHz)
Source IF Flux Density (in Jy)
Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
J0521+166 IF 1 1.49
IF 2 1.47
J0359+509 IF 1 5.58 5.60 1.31×10−1 2.30×10−2 1.31×10−1
IF 2 5.62 1.32×10−1 1.32×10−1
J0238+166 IF 1 1.00 1.00 2.24×10−2 2.19×10−4 2.24×10−2
IF 2 1.00 2.30×10−2 2.30×10−2
J0319+415 IF 1 18.58 18.55 4.96×10−1 4.59×10−2 4.96×10−1
IF 2 18.51 5.01×10−1 5.01×10−1
J0221+359 IF 1 1.07 1.07 2.94×10−2 1.63×10−3 2.94×10−2
IF 2 1.07 3.00×10−2 3.00×10−2
U Band (15 GHz)
Source IF Flux Density (in Jy) Comparison values
Measured Mean Error Inter-IF Error Uncertainty from Tera¨sranta et al. (2004)
I Imean σI ǫI max(σI , ǫI ) Date Flux Density (in Jy)
J0521+166 IF 1 1.05
IF 2 1.05
J0359+509 IF 1 8.64 8.62 6.52×10−1 2.33×10−2 6.52×10−1 March 04, 1999 7.15 ± 0.12
IF 2 8.60 6.46×10−1 6.46×10−1
J0238+166 IF 1 0.90 0.89 8.14×10−2 3.92×10−3 8.14×10−2 March 04, 1999 0.99 ± 0.05
IF 2 0.89 8.02×10−2 8.02×10−2
J0319+415 IF 1 16.02 15.97 1.54×100 7.23×10−2 1.54×100 March 04, 1999 15.52 ± 0.25
IF 2 15.92 1.53×100 1.53×100
J0221+359 IF 1 0.91 0.90 9.50×10−2 5.11×10−3 9.50×10−2 February 20, 1999 0.88 ± 0.04
IF 2 0.90 9.35×10−2 9.35×10−2
K Band (22 GHz)
Source IF Flux Density (in Jy) Comparison values
Measured Mean Error Inter-IF Error Uncertainty from Tera¨sranta et al. (2004)
I Imean σI ǫI max(σI , ǫI ) Date Flux Density (in Jy)
J0521+166 IF 1 0.54
IF 2 0.54
J0359+509 IF 1 9.19 7.89 2.82×100 1.85×100 2.82×100 March 27, 1999 6.94 ± 0.13
IF 2 6.58 6.87×10−1 1.85×100
J0238+166 IF 1 0.57 0.59 7.11×10−2 2.21×10−2 7.11×10−2 March 29, 1999 1.19 ± 0.13
IF 2 0.61 8.74×10−2 8.74×10−2
J0319+415 IF 1 4.36 4.62 1.29×100 3.74×10−1 1.29×100 March 26, 1999 10.51 ± 0.28
IF 2 4.89 1.59×100 1.59×100
J0221+359 IF 1 0.62 0.66 1.06×10−1 5.18×10−2 1.06×10−1 February 09, 1999 0.79 ± 0.06
IF 2 0.70 1.49×10−1 1.49×10−1
Q Band (43 GHz)
Table 6.3: Determination of flux density from VLA data. IIF1 and IIF2 are the values of the flux density at the two
IFs; σI,IF1 and σI,IF2 are the corresponding errors obtained from the AIPS task GETJY. The error ǫI is calculated from the
inter-IF difference in measured flux density. Further detail is provided in Section 3.1.
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Source IF EVPA (in degrees)
Measured Mean Inter-IF Error
χ χmean ǫχ
J0521+166 IF 1 -11
IF 2 -11
J0359+509 IF 1 -69.53 -69.78 0.35
IF 2 -70.03
J0238+166 IF 1 3.73 3.59 0.19
IF 2 3.45
J0319+415 IF 1 77.03 93.21 22.89
IF 2 109.40
J0221+359 IF 1 52.05 52.42 0.52
IF 2 52.79
X Band (8 GHz)
Source IF EVPA (in degrees)
Measured Mean Inter-IF Error
χ χmean ǫχ
J0521+166 IF 1 -12
IF 2 -12
J0359+509 IF 1 42.24 43.74 2.11
IF 2 45.23
J0238+166 IF 1 16.94 20.08 4.44
IF 2 23.22
J0319+415 IF 1 -11.73 -10.54 1.69
IF 2 -9.35
J0221+359 IF 1 60.68 60.23 0.64
IF 2 59.78
U Band (15 GHz)
Source IF EVPA (in degrees)
Measured Mean Inter-IF Error
χ χmean ǫχ
J0521+166 IF 1 -15
IF 2 -15
J0359+509 IF 1 46.66 47.24 0.83
IF 2 47.83
J0238+166 IF 1 154.33 151.90 3.43
IF 2 149.47
J0319+415 IF 1 10.71 15.77 7.15
IF 2 20.82
J0221+359 IF 1 53.13 52.86 0.39
IF 2 52.59
K Band (22 GHz)
Source IF EVPA (in degrees)
Measured Mean Inter-IF Error
χ χmean ǫχ
J0521+166 IF 1 -14
IF 2 -14
J0359+509 IF 1 57.52 65.56 11.37
IF 2 73.61
J0238+166 IF 1 88.20 100.99 18.09
IF 2 113.78
J0319+415 IF 1 84.01 74.68 13.19
IF 2 65.36
J0221+359 IF 1 49.05 54.73 8.03
IF 2 60.41
Q Band (43 GHz)
Table 6.4: Electric vector position angle (EVPA) measurement from the VLA data. χIF1 and χIF2 are the values of the
EVPA at the two IFs, with mean χmean. The error ǫχ is estimated from the inter-IF difference in measured EVPA. Further
detail is provided in Section 3.1.
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Frequency Band Frequency (GHz) Wavelength (cm) Absolute EVPA (degrees)
X 8.4 3.6 -11
U 15 2 -12
K 22 1.3 -15
Q 43 0.7 -14
Table 6.5: Absolute EVPA of the primary calibrator J0521+166 at the different observation
frequencies(from http://www.vla.nrao.edu/astro/calib/manual/polcal.html).
to remove outliers, using criteria described in Section 3.2.
The receiver temperatures and zenith opacities at 22 GHz and 43 GHz, and the errors
in these quantities, were determined using the methods described in Section 3.2. Their
fitted values are listed in Tables 6.6 and 6.7, respectively. The receiver temperatures and the
gain curve information (opacity-corrected at the two higher frequencies, and without opacity
corrections at the two lower frequencies) were then used to perform amplitude calibration,
as described in Section 3.2.
Antenna Receiver Temperature (in K)
22 GHz 43 GHz
R L R L
BR 77.8 104.7 119.6 106.8
EB 98.0 343.7 110.6 105.4
FD 70.0∗ 72.3 79.9 77.1
HN 82.0∗ 100.0∗ 125.0∗ 116.0∗
KP 58.1 61.6 76.8 84.5
LA 88.0 77.0 74.1 147.2
MK 70.7 87.8 72.8 81.7
NL 83.0∗ 87.0∗ 86.0∗ 80.0∗
OV 80.1 73.1 89.5 109.9
PT 76.2 83.3 80.9 80.1
SC 66.9 65.3 85.7 86.3
Y 130.7 122.9 82.5 114.3
Table 6.6: Estimated receiver temperatures at 22 GHz and 43 GHz. In the cases in which
the nominal receiver temperature was used, as measured using a hot/cold load, the values
are marked with an asterisk. The estimated error in receiver temperatures is ∼ 4 K at K
band and ∼ 16 K at Q band, using the error analysis methodology outlined in Section 3.2.
The 2-bit quantization sampler bias corrections were solved for as described in Section
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Antenna Zenith Opacities
22 GHz 43 GHz
R L R L
BR 0.071 0.070 0.076 0.083
EB 0.015 0.093 0.040 0.030
FD 0.084 0.040 0.055 0.052
HN 0.003 0.004 0.152 0.154
KP 0.031 0.030 0.046 0.055
LA 0.031 0.037 0.055 0.061
MK 0.040 0.042 0.035 0.037
NL 0.008 0.000 0.003 0.055
OV 0.022 0.022 0.061 0.075
PT 0.042 0.046 0.042 0.041
SC 0.091 0.111 0.111 0.117
Y 0.030 0.028 0.026 0.019
Table 6.7: Estimated zenith opacities at 22 GHz and 43 GHz. The estimated error in these
values is 0.028 at K band and 0.0159 at Q band, using the error analysis methodology
outlined in Section 3.2.
3.2, using a solution interval of 11.5 min matched to the scan length of 11 min; the inter-scan
interval in the observing schedule was 2 min. The corrections obtained were then smoothed
using median filtering over a 1.5 hour window to improve the SNR.
Bandpass corrections were determined and applied in the same manner as described in
the previous chapter. The R-L delay at the reference antenna was determined from the
cross-polarization data on a short baseline (KP-PT) to the reference antenna at Pie Town.
At 22 GHz and 43 GHz, single-band fringe-fitting was performed on a 1 minute segment
of calibrator data and the resulting phase and single-band delay offsets obtained were used
to align the IFs for the entire observing run. A global multi-band fringe-fit was then possible
for all the IFs jointly following the heuristic described in Section 3.2. At 8 GHz and 15 GHz,
single-band fringe-fitting was performed for each IF separately, because IFs 2 and 3 are not
contiguous at these frequencies and there was sufficient SNR for a single-band fringe-fit. The
fringe-fit solution intervals used at the different frequencies are listed in Table 6.8. At 22
GHz and 43 GHz, some antennas were lost at this stage as fringe-fit solutions fell below the
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threshold SNR, most likely due to bad atmospheric conditions at these antenna sites. The
number of antennas contributing to the total intensity map of the lens at each frequency, the
number of antennas lost due to poor observing conditions, and the number of contributing
baselines used are given in Table 6.9.
Frequency Band Frequency (GHz) Solution interval (in min)
X 8 0.5
U 15 0.5
K 22 1
Q 43 0.5
Table 6.8: Fringe-fit solution intervals.
Frequency Band Frequency (GHz) Number of antennas used Antennas lost Number of baselines
X 8 12 - 66
U 15 12 - 66
K 22 11 NL 55
Q 43 9 HN, NL, SC 36
Table 6.9: Antennas contributing to the total intensity maps of the lens B0218+357.
After application of calibrator corrections, the self-calibration heuristic used for the target
lens B0218+357 follows that used in Section 3.2 but adapted per frequency band as described
below.
An initial Stokes I total intensity model for the lens was obtained by performing ten
iterations of hybrid mapping comprising a phase-only self-calibration step starting from an
initial solution interval ∆t, monotonically decreasing to ∆t/10 at the final iteration. The
solution intervals used at the final step of the hybrid mapping process for the different fre-
quencies are listed in Table 6.10. Different solution intervals were used due to decreasing
atmospheric coherence at increasing frequency. An SNR cutoff of 3 was used for the cali-
bration solutions, and a CLEAN flux limit of 7σm was chosen for the subsequent CLEAN
deconvolution steps, where σm is the thermal sensitivity in mJy, defined earlier in Equation
(3.5).
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The thermal noise depends on the System Equivalent Flux Density SEFD); these values
per frequency band are listed in Table 6.11. A point source with a flux density equal to that
derived from the VLA data reduction described in Section 6.1 was used as the initial source
model. CLEAN deconvolution was performed using the Cotton-Schwab algorithm (Clark,
1980; Schwab, 1984) with subfields of size 256×256 centered on each lens component, and
with pixel spacings listed in Table 6.12 for the different frequencies. The two subfield are
separated by 310 mas in right ascension and 127 mas in declination. Three iterations of
hybrid mapping comprising joint amplitude and phase self-calibration were then performed,
with solution intervals listed in Table 6.10.
The resulting lens source model was then used as input to a second fringe-fit step in order
to remove multiple peaks in the fringe-rate spectrum. As before, multi-band fringe-fitting
was used at 22 GHz and 43 GHz while single-band fringe-fitting was used at 8 GHz and 15
GHz. The self-calibration and hybrid mapping steps were then repeated as described above
to derive a final map for B0218+357.
Frequency Band Frequency (GHz) Solution interval (in min)
X 8 1
U 15 1
K 22 1
Q 43 0.3
Table 6.10: Solution intervals used in the final calibration and deconvolution step.
Frequency Band Frequency (GHz) SEFD (in Jy)
X 8 307
U 15 550
K 22 888
Q 43 1436
Table 6.11: Values of the System Equivalent Flux Density (SEFD) used to calculate the
thermal noise σm.
The hybrid mapping heuristic for the calibrators (3C84 and J0238+166 at 8 GHz and
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Frequency Band Frequency (GHz) Pixel Spacing (in µas)
X 8 200
U 15 100
K 22 70
Q 43 35
Table 6.12: Pixel spacings used in the imaging step.
15 GHz, J0359+509 at 22 GHz and 43 GHz) followed that used for the lens. The solution
intervals used at the final iteration of the phase-only self-calibration step at the different
frequencies were the same as those used for the lens, as listed in Table 6.10. Imaging used
CLEAN deconvolution and a field size of 256×256 pixels with the pixel spacings used for the
lens, as listed in Table 6.12. The hybrid mapping joint amplitude and phase self-calibration
solution intervals were those listed in Table 6.10. A CLEAN flux limit of 3σm was used for
the CLEAN deconvolution steps (except at 43 GHz where lower data quality required use
of a 7σm threshold).
For the calibrator 3C84 at 8 GHz and 15 GHz, polarization calibration was performed
by assuming it to be linearly unpolarized (Kemball, 1999):
(Q,U) = 0 (6.1)
For the calibrator J0359+509 at 22 GHz and 43 GHz, polarization calibration was performed
by applying the similarity approximation (Cotton, 1993):
Q+ jU = βI (6.2)
The D-terms obtained from the polarization calibration are listed in Table 6.13. The D-
terms were obtained from the calibrator 3C84 at 8 GHz and 15 GHz, and from the calibrator
J0359+509 at 22 GHz and 43 GHz. The errors in the D-terms were calculated using the
same error analysis method used in Section 3.2, and are also listed in Table 6.13.
The absolute EVPA of the calibrator J0238+166 at 8 GHz and 15 GHz, and of the
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calibrator J0359+509 at 15 GHz and 22 GHz, were determined from their corresponding VLA
values (as tabulated in Table 6.4). The polarization D-term corrections and absolute EVPA
rotation angle determined from the calibrators were then applied to the target gravitational
lens B0218+357 data to produce the final VLBI polarization maps in Stokes {I, Q, U}.
6.3 Results and Discussion
The final polarization maps of the two imaged sub-fields toward the gravitational lens
B0218+357 in Stokes {I, Q, U} are plotted in Stokes I in Figures 6.1, 6.2, 6.3, and 6.4, with
vectors overlaid at the orientation of the absolute EVPA, χ = 1
2
tan−1(U
Q
) of the linearly-
polarized emission with length proportional to linearly polarized intensity P =
√
Q2 + U2.
The core and jet components are labeled (A1, A2) in image A, and (B1, B2) in image
B, following prior practice (Patnaik et al. (1995); see also Section 3.3). The flux densities of
each of these sub-components in Stokes {I, Q, U}, and the errors in these flux densities, were
measured in the same manner as described in Section 3.3. The angular distances between
two components, the position angle of the line joining two components, the orientations of
the core-jet axes, magnification ratios, values of fractional polarization, EVPAs, rotation
measures, and the corresponding errors in these quantities were also calculated following the
same methods described in that section.
The angular distances between the image component pairs (A1,A2), (B1,B2) and (A1,B1)
are listed in Table 6.14. The orientations of the core-jet axis in the two images, the position
angle of the line joining the cores, and the difference in angle between the two orientations are
tabulated in Table 6.15. These values for each image component pair are broadly consistent
over the frequency range of observation, thus confirming that the same components are being
observed at all frequencies.
The flux densities of the lensed image components are listed in Table 6.16 and plotted
in Figure 6.5. The values of the magnification ratios IA1/IB1 and IA2/IB2 are listed in Table
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Antenna Polari- D-term Amplitude Error
zation IF 1 IF 2 IF 3 IF 4
BR R 0.023 0.023 0.017 0.016 0.004
L 0.001 0.012 0.012 0.011 0.001
EB R 0.070 0.073 0.047 0.063 0.012
L 0.061 0.056 0.057 0.079 0.011
FD R 0.007 0.006 0.004 0.004 0.002
L 0.017 0.014 0.010 0.013 0.003
HN R 0.008 0.009 0.009 0.011 0.001
L 0.000 0.002 0.011 0.012 0.006
KP R 0.002 0.002 0.011 0.010 0.005
L 0.008 0.006 0.007 0.007 0.001
LA R 0.001 0.003 0.010 0.010 0.004
L 0.014 0.014 0.014 0.014 0.000
MK R 0.006 0.004 0.007 0.009 0.002
L 0.012 0.008 0.008 0.007 0.002
NL R 0.008 0.006 0.008 0.008 0.001
L 0.008 0.008 0.011 0.008 0.001
OV R 0.006 0.008 0.001 0.002 0.003
L 0.011 0.010 0.006 0.009 0.003
PT R 0.009 0.011 0.007 0.007 0.002
L 0.008 0.009 0.010 0.009 0.001
SC R 0.024 0.023 0.019 0.022 0.002
L 0.012 0.013 0.012 0.011 0.001
Y R 0.026 0.023 0.028 0.023 0.003
L 0.007 0.007 0.010 0.010 0.002
Antenna Polari- D-term Amplitude Error
zation IF 1 IF 2 IF 3 IF 4
BR R 0.038 0.038 0.021 0.020 0.010
L 0.034 0.026 0.012 0.009 0.012
EB R 0.022 0.020 0.028 0.020 0.003
L 0.026 0.027 0.007 0.009 0.011
FD R 0.002 0.007 0.019 0.016 0.008
L 0.059 0.056 0.017 0.018 0.023
HN R 0.045 0.050 0.009 0.009 0.022
L 0.063 0.060 0.010 0.007 0.030
KP R 0.044 0.046 0.003 0.008 0.023
L 0.048 0.048 0.021 0.023 0.015
LA R 0.024 0.028 0.024 0.028 0.003
L 0.012 0.012 0.038 0.042 0.016
MK R 0.008 0.011 0.010 0.012 0.002
L 0.024 0.017 0.033 0.028 0.007
NL R 0.054 0.055 0.009 0.014 0.025
L 0.067 0.062 0.024 0.028 0.023
OV R 0.061 0.058 0.036 0.039 0.013
L 0.011 0.010 0.028 0.025 0.009
PT R 0.034 0.037 0.029 0.032 0.004
L 0.067 0.069 0.037 0.041 0.017
SC R 0.026 0.027 0.026 0.027 0.001
L 0.019 0.015 0.051 0.050 0.019
Y R 0.038 0.045 0.036 0.044 0.004
L 0.036 0.035 0.035 0.034 0.001
8 GHz 15 GHz
Antenna Polari- D-term Amplitude Error
zation IF 1 IF 2 IF 3 IF 4
BR R 0.005 0.006 0.005 0.007 0.001
L 0.007 0.007 0.007 0.008 0.001
EB R 0.021 0.024 0.024 0.028 0.003
L 0.043 0.037 0.033 0.030 0.006
FD R 0.003 0.003 0.003 0.003 0.000
L 0.007 0.007 0.007 0.007 0.000
HN R 0.044 0.042 0.038 0.039 0.003
L 0.059 0.058 0.060 0.057 0.001
KP R 0.005 0.005 0.006 0.006 0.000
L 0.001 0.001 0.001 0.002 0.000
LA R 0.021 0.019 0.017 0.014 0.003
L 0.011 0.012 0.014 0.013 0.001
MK R 0.011 0.009 0.015 0.013 0.003
L 0.014 0.014 0.019 0.018 0.003
NL R
L
OV R 0.010 0.008 0.004 0.002 0.004
L 0.034 0.032 0.036 0.035 0.002
PT R 0.004 0.004 0.004 0.003 0.001
L 0.003 0.002 0.002 0.001 0.001
SC R 0.012 0.011 0.010 0.009 0.001
L 0.011 0.010 0.008 0.008 0.002
Y R 0.013 0.014 0.013 0.014 0.000
L 0.005 0.005 0.003 0.002 0.002
Antenna Polari- D-term Amplitude Error
zation IF 1 IF 2 IF 3 IF 4
BR R 0.015 0.013 0.017 0.016 0.002
L 0.034 0.036 0.033 0.035 0.002
EB R 0.126 0.135 0.154 0.174 0.021
L 0.125 0.114 0.120 0.126 0.005
FD R 0.006 0.007 0.008 0.007 0.001
L 0.011 0.010 0.008 0.007 0.002
HN R
L
KP R 0.011 0.007 0.011 0.012 0.002
L 0.008 0.008 0.005 0.005 0.002
LA R 0.009 0.010 0.013 0.012 0.002
L 0.011 0.009 0.008 0.009 0.001
MK R 0.015 0.014 0.019 0.015 0.002
L 0.011 0.016 0.017 0.012 0.003
NL R
L
OV R 0.007 0.005 0.011 0.010 0.003
L 0.010 0.011 0.008 0.010 0.001
PT R 0.011 0.010 0.009 0.009 0.001
L 0.017 0.017 0.013 0.013 0.002
SC R
L
Y R 0.016 0.017 0.015 0.020 0.002
L 0.003 0.005 0.004 0.003 0.001
22 GHz 43 GHz
Table 6.13: D-term amplitudes obtained from polarization calibration using 3C84 at 8 GHz
and 15 GHz, and J0359+509 at 22 GHz and 43 GHz. The errors are calculated by computing
the sample standard deviation over all IFs. The average errors over all antennas and both
receptor polarizations are 0.0030, 0.013, 0.002 and 0.003, at 8, 15, 22 and 43 GHz respectively.
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Figure 6.1: VLBI polarization maps of the the gravitational lens system B0218+357 at 8
GHz. For image A, IF 1-2, Stokes I is plotted at contour levels of σIF1−2,A× (35, 75, 100, 200,
300, 500, 700, 1000, 1200), where σIF1−2,A = 1.188 ×10−4 Jy/beam is the off-source RMS
noise in the map. For image B, IF 1-2, Stokes I is plotted at contour levels of σIF1−2,B× (20,
40, 75, 150, 300, 500, 700, 850), where σIF1−2,B = 9.196 ×10−5 Jy/beam is the off-source
RMS noise in the map. For image A, IF 3-4, Stokes I is plotted at contour levels of σIF3−4,A×
(40, 75, 100, 200, 300, 500, 700, 1000, 1200), where σIF3−4,A = 1.075 ×10−4 Jy/beam is the
off-source RMS noise in the map. For image B, IF 3-4, Stokes I is plotted at contour levels
of σIF3−4,B× (15, 30, 75, 150, 300, 500, 700, 825), where σIF3−4,B = 8.733 ×10−5 Jy/beam
is the off-source RMS noise in the map. Polarization vectors are plotted at points where the
total intensity and polarized intensity both exceed five times the off-source RMS noise in
the map. The vectors indicate the orientation of the electric vector position angle (EVPA)
and the length of a vector is proportional to the linearly polarized intensity, where 1 arcsec
= 1.25 ×10−2 Jy/beam for all images.
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Figure 6.2: VLBI polarization maps of the the gravitational lens system B0218+357 at 15
GHz. For image A, IF 1-2, Stokes I is plotted at contour levels of σIF1−2,A× (15, 20, 30,
50, 100, 200, 500, 1000, 1200, 1500), where σIF1−2,A = 1.391 ×10−4 Jy/beam is the off-
source RMS noise in the map. For image B, IF 1-2, Stokes I is plotted at contour levels of
σIF1−2,B× (7, 12, 20, 35, 50, 100, 200, 400, 550), where σIF1−2,B = 1.224 ×10−4 Jy/beam is
the off-source RMS noise in the map. For image A, IF 3-4, Stokes I is plotted at contour
levels of σIF3−4,A× (15, 25, 50, 100, 200, 500, 700, 1000, 1250, 1500), where σIF3−4,A = 1.438
×10−4 Jy/beam is the off-source RMS noise in the map. For image B, IF 3-4, Stokes I is
plotted at contour levels of σIF3−4,B× (10, 15, 25, 50, 100, 200, 350, 500), where σIF3−4,B
= 1.283 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization vectors are
plotted at points where the total intensity and polarized intensity both exceed five times the
off-source RMS noise in the map. The vectors indicate the orientation of the electric vector
position angle (EVPA) and the length of a vector is proportional to the linearly polarized
intensity, where 1 arcsec = 2.5 ×10−2 Jy/beam for all images.
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Figure 6.3: VLBI polarization maps of the the gravitational lens system B0218+357 at 22
GHz. For image A, Stokes I is plotted at contour levels of σA× (15, 20, 35, 50, 100, 200, 350,
500, 750), where σA = 3.438 ×10−4 Jy/beam is the off-source RMS noise in the map. For
image B, Stokes I is plotted at contour levels of σB× (9, 12, 20, 35, 50, 100, 200, 275, 325),
where σIF1−2,B = 2.289 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 3.5714 ×10−2 Jy/beam for image A and 7.1429
×10−3 Jy/beam for image B.
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Figure 6.4: VLBI polarization maps of the the gravitational lens system B0218+357 at 43
GHz. For image A, Stokes I is plotted at contour levels of σA× (10, 20, 30, 50, 70, 100,
150, 210, 230), where σA = 8.175 ×10−4 Jy/beam is the off-source RMS noise in the map.
For image B, Stokes I is plotted at contour levels of σB× (5, 10, 15, 25, 40, 55, 70), where
σIF1−2,B = 7.523 ×10−4 Jy/beam is the off-source RMS noise in the map. Polarization
vectors are plotted at points where the total intensity and polarized intensity both exceed
five times the off-source RMS noise in the map. The vectors indicate the orientation of
the electric vector position angle (EVPA) and the length of a vector is proportional to the
linearly polarized intensity, where 1 arcsec = 3.5714 ×10−2 Jy/beam for image A. There are
no overlaid polarization vectors for image B because the polarized intensity does not exceed
five times the off-source RMS noise at any point in the map.
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6.17 and plotted in Figure 6.6. We observe that the total flux density of image A increases
slightly from 8 GHz to 15 GHz and then decreases, while the total flux density of image B
decreases monotonically from 8 GHz to 43 GHz. This behavior is more pronounced in the
plot of magnification ratios in Figure 6.6; the magnification ratio between images A1 and
B1 (µA1/B1) increases from 8 GHz to 15 GHz, then decreases at 22 GHz and remains at this
level until 43 GHz. This behavior is anomalous because of the achromaticity of gravitational
lensing; the magnification ratio is expected to be constant at all frequencies to first-order.
This phenomenon has been observed earlier by many authors however (described in detail in
Section 1.3), and is attributed to the presence of a molecular cloud containing one or more
H II regions in front of image A.
The fractional linear polarization of the lensed image components is listed in Table 6.18
and plotted in Figure 6.7. The EVPAs of the lensed image components are listed in Table
6.19. The differential rotation measures between image components (A1,B1) and (A2,B2)
were found by using the weighted least-squares method for estimating rotation measure
described in Section 4.5. The error plot for the rotation measure determination is shown
in Figure 6.8. We obtain values of 720 rad/m2 and 900 rad/m2 for the differential rotation
measure between images B1-A1 and B2-A2, respectively. These values are in good agreement
with published values in the literature (summarized in Tables 1.2 and 1.3), and the values
we present in Chapters 3 and 4.
Frequency IF Frequency Angular Separation (mas)
Band A1-A2 B1-B2 A1-B1
(in GHz) Measured Error Measured Error Measured Error
d σd d σd d σd
X IF 1-2 8.421 1.42 2.7 ×10−3 1.42 1.2 ×10−3 334.38 5.3 ×10−4
IF 3-4 8.673 1.43 2.7 ×10−3 1.44 1.2 ×10−3 334.38 5.0 ×10−4
U IF 1-2 15.15 1.36 2.1 ×10−3 1.42 2.5 ×10−3 334.37 4.1 ×10−4
IF 3-4 15.36 1.38 1.9 ×10−3 1.43 2.3 ×10−3 334.37 4.2 ×10−4
K IF 1-4 22.23 1.49 3.5 ×10−3 1.44 3.1 ×10−3 334.39 6.8 ×10−4
Q IF 1-4 43.21 1.44 1.0 ×10−2 1.48 1.6 ×10−2 334.39 3.3 ×10−3
Table 6.14: Angular separations of the lensed image components.
The multi-frequency observations of the gravitational lens system B0218+357 presented
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Figure 6.5: Flux density values for image components A1, A2, B1 and B2 in the gravitational
lens system B0218+357.
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Figure 6.6: Magnification ratios for the core (top) and jet (bottom) components in the
gravitational lens system B0218+357.
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Frequency IF Frequency Position Angle (degrees)
Band A1-A2 B1-B2 A1-B1 (B1-B2)-(A1-A2)
(in GHz) Measured Error Measured Error Measured Error Measured Error
φ σφ φ σφ φ σφ φ σφ
X IF 1-2 8.421 52.0 0.7 90.6 0.6 22.4 0.2 38.7 0.9
IF 3-4 8.673 53.2 0.7 90.6 0.6 22.4 0.2 37.5 0.9
U IF 1-2 15.15 42.9 1.2 90.6 1.7 22.4 0.4 47.8 2.1
IF 3-4 15.36 42.5 1.1 90.6 1.6 22.4 0.4 48.2 2.0
K IF 1-4 22.23 40.2 3.0 90.7 3.6 22.4 0.8 50.4 4.7
Q IF 1-4 43.21 46.1 16.7 90.7 22.9 22.4 5.5 44.6 28.3
Table 6.15: Position angles of the lensed image components.
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Figure 6.7: Values of fractional linear polarization for image components A1, A2, B1 and
B2 in the gravitational lens system B0218+357.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1-2 8.421 3.90 ×10−1 3.95 ×10−1 4.06 ×10−4 7.35 ×10−3 7.35 ×10−3
IF 3-4 8.673 4.00 ×10−1 4.26 ×10−4 7.35 ×10−3
U IF 1-2 15.150 4.13 ×10−1 4.05 ×10−1 4.39 ×10−4 1.19 ×10−2 1.19 ×10−2
IF 3-4 15.360 3.96 ×10−1 4.47 ×10−4 1.19 ×10−2
K IF 1-4 22.234 3.23 ×10−1 7.90 ×10−4 7.90 ×10−4
Q IF 1-4 43.218 2.48 ×10−1 1.83 ×10−3 1.83 ×10−3
Image Component A1
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1-2 8.421 1.70 ×10−1 1.73 ×10−1 5.98 ×10−4 3.51 ×10−3 3.51 ×10−3
IF 3-4 8.673 1.75 ×10−1 6.50 ×10−4 3.51 ×10−3
U IF 1-2 15.150 1.56 ×10−1 1.52 ×10−1 6.75 ×10−4 6.02 ×10−3 6.02 ×10−3
IF 3-4 15.360 1.47 ×10−1 6.54 ×10−4 6.02 ×10−3
K IF 1-4 22.234 4.76 ×10−2 1.08 ×10−3 1.08 ×10−3
Q IF 1-4 43.218 7.34 ×10−2 2.76 ×10−3 2.76 ×10−3
Image Component A2
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1-2 8.421 1.24 ×10−1 1.26 ×10−1 2.63 ×10−4 2.39 ×10−3 2.39 ×10−3
IF 3-4 8.673 1.28 ×10−1 2.44 ×10−4 2.39 ×10−3
U IF 1-2 15.150 1.05 ×10−1 1.03 ×10−1 3.05 ×10−4 3.04 ×10−3 3.04 ×10−3
IF 3-4 15.360 1.00 ×10−1 3.25 ×10−4 3.04 ×10−3
K IF 1-4 22.234 9.22 ×10−2 5.48 ×10−4 5.48 ×10−4
Q IF 1-4 43.218 7.01 ×10−2 1.75 ×10−3 1.75 ×10−3
Image Component B1
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1-2 8.421 4.73 ×10−2 4.79 ×10−2 3.00 ×10−4 8.58 ×10−4 8.58 ×10−4
IF 3-4 8.673 4.85 ×10−2 3.14 ×10−4 8.58 ×10−4
U IF 1-2 15.150 4.94 ×10−2 4.78 ×10−2 4.57 ×10−4 2.28 ×10−3 2.28 ×10−3
IF 3-4 15.360 4.62 ×10−2 4.46 ×10−4 2.28 ×10−3
K IF 1-4 22.234 3.58 ×10−2 6.97 ×10−4 6.97 ×10−4
Q IF 1-4 43.218 1.96 ×10−2 2.06 ×10−3 2.06 ×10−3
Image Component B2
Table 6.16: Flux density values for image components A1, A2, B1 and B2 in the gravitational
lens system B0218+357.
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Figure 6.8: Determination of differential rotation measure using the weighted least-squares
rotation measure estimation method for the core (top) and jet (bottom) of the gravitational
lens system B0218+357. This method of estimating the rotation measure is described in
detail in Section 4.5.
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Frequency IF Frequency Differential Magnification Ratio
Band A1/B1 A2/B2
(in GHz) Measured Error Measured Error
µA1/B1 σµA1/B1 µA2/B2 σµA2/B2
X IF 1-2 8.421 3.13 0.08 3.59 0.10
IF 3-4 8.673 3.13 0.08 3.61 0.10
U IF 1-2 15.150 3.95 0.16 3.15 0.19
IF 3-4 15.360 3.95 0.17 3.19 0.20
K IF 1-4 22.234 3.51 0.02 1.33 0.04
Q IF 1-4 43.218 3.54 0.09 3.75 0.42
Table 6.17: Differential magnification ratios for the core (A1/B1) and jet (A2/B2) in the
gravitational lens system B0218+357.
in this chapter allow us to study the properties of this lens over a wide range of frequen-
cies at VLBI resolution. The total intensity morphologies of images A and B in Figures
6.1, 6.2 6.3, and 6.4 closely follow the morphologies seen in earlier VLBI observations
(Kemball et al. (2001), Biggs et al. (2003), Mittal et al. (2006) at 8.4 GHz; Patnaik et al.
(1995), Mittal et al. (2006) at 15 GHz, and our 43 GHz observations presented in Chapter
3). We note the presence of a prominent counterjet in both images A and B.
The gravitational lens hypothesis is validated by the expected parity reversal (explained
in Section 1.1) visible in the total intensity maps of the two images in these figures. The
hint of opposite senses of curvature noted by Patnaik et al. (1995) in their 15 GHz data is
seen in our data; there is an anticlockwise bending of the jet axis from A1 to A2 in image A
and a corresponding clockwise bending from B1 to B2 in image B.
To explain the anomalous variation of the magnification ratio with frequency, we in-
vestigated refractive scattering and free-free absorption as possible propagation effects. As
described in Mittal et al. (2007) and Section 3.4, we calculated deconvolved back-projected
equivalent circular sizes for images A and B. The deconvolved back-projected size for image
A was less than that of image B, thus ruling out scattering as a dominant propagation effect
in this system, since the back-projected size for the image undergoing scattering is expected
to be larger.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1-2 8.421 5.65 ×10−2 5.76 ×10−2 5.48 ×10−4 1.58 ×10−3 1.58 ×10−3
IF 3-4 8.673 5.87 ×10−2 6.09 ×10−4 1.58 ×10−3
U IF 1-2 15.150 8.44 ×10−2 8.30 ×10−2 1.17 ×10−3 1.92 ×10−3 1.92 ×10−3
IF 3-4 15.360 8.17 ×10−2 1.25 ×10−3 1.92 ×10−3
K IF 1-4 22.234 1.22 ×10−2 2.12 ×10−3 2.12 ×10−3
Q IF 1-4 43.218 2.07 ×10−2 4.09 ×10−3 4.09 ×10−3
Image Component A1
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1-2 8.421 5.22 ×10−2 5.30 ×10−2 1.85 ×10−3 1.14 ×10−3 1.85 ×10−3
IF 3-4 8.673 5.38 ×10−2 2.13 ×10−3 2.13 ×10−3
U IF 1-2 15.150 6.02 ×10−2 5.85 ×10−2 4.76 ×10−3 2.43 ×10−3 4.76 ×10−3
IF 3-4 15.360 5.68 ×10−2 4.90 ×10−3 4.90 ×10−3
K IF 1-4 22.234 4.55 ×10−2 1.97 ×10−2 1.97 ×10−2
Q IF 1-4 43.218 3.78 ×10−2 2.08 ×10−2 2.08 ×10−2
Image Component A2
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1-2 8.421 1.04 ×10−1 1.05 ×10−1 1.41 ×10−3 1.35 ×10−3 1.41 ×10−3
IF 3-4 8.673 1.06 ×10−1 1.33 ×10−3 1.35 ×10−3
U IF 1-2 15.150 9.14 ×10−2 9.48 ×10−2 2.76 ×10−3 4.84 ×10−3 4.84 ×10−3
IF 3-4 15.360 9.82 ×10−2 3.32 ×10−3 4.84 ×10−3
K IF 1-4 22.234 2.24 ×10−2 5.51 ×10−3 5.51 ×10−3
Q IF 1-4 43.218 2.46 ×10−2 1.59 ×10−2 1.59 ×10−2
Image Component B1
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1-2 8.421 3.31 ×10−2 3.92 ×10−2 4.19 ×10−3 8.61 ×10−3 8.61 ×10−3
IF 3-4 8.673 4.53 ×10−2 4.45 ×10−3 8.61 ×10−3
U IF 1-2 15.150 5.78 ×10−2 5.74 ×10−2 8.74 ×10−3 5.63 ×10−4 8.74 ×10−3
IF 3-4 15.360 5.70 ×10−2 9.87 ×10−3 9.87 ×10−3
K IF 1-4 22.234 2.04 ×10−2 1.80 ×10−2 1.80 ×10−2
Q IF 1-4 43.218 4.60 ×10−2 6.74 ×10−2 6.74 ×10−2
Image Component B2
Table 6.18: Values of fractional linear polarization for image components A1, A2, B1 and
B2 versus frequency in the gravitational lens system B0218+357.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1-2 8.421 74.5 77.6 0.3 4.3 4.3
IF 3-4 8.673 80.6 0.3 4.3
U IF 1-2 15.150 -70.7 -55.6 0.4 21.3 21.3
IF 3-4 15.360 -40.6 0.4 21.3
K IF 1-4 22.234 60.7 5.0 5.0
Q IF 1-4 43.218 -55.5 5.6 5.6
Image Component A1
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1-2 8.421 37.3 42.2 1.0 6.9 6.9
IF 3-4 8.673 47.1 1.1 6.9
U IF 1-2 15.150 85.5 8.4 2.3 -18.2 2.3
IF 3-4 15.360 -68.7 2.5 2.5
K IF 1-4 22.234 41.7 12.4 12.4
Q IF 1-4 43.218 81.7 15.7 15.7
Image Component A2
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1-2 8.421 -54.5 -53.4 0.4 1.6 1.6
IF 3-4 8.673 -52.2 0.4 1.6
U IF 1-2 15.150 -55.0 -41.0 0.9 19.8 19.8
IF 3-4 15.360 -26.9 1.0 19.8
K IF 1-4 22.234 67.8 7.0 7.0
Q IF 1-4 43.218 -49.5 18.5 18.5
Image Component B1
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1-2 8.421 -88.7 -86.9 3.6 2.5 3.6
IF 3-4 8.673 -85.1 2.8 2.8
U IF 1-2 15.150 -88.1 -72.3 4.3 22.3 22.3
IF 3-4 15.360 -56.5 5.0 22.3
K IF 1-4 22.234 41.4 25.3 25.3
Q IF 1-4 43.218 -55.2 41.9 41.9
Image Component B2
Table 6.19: Values of EVPA for image components A1, A2, B1 and B2 in the gravitational
lens system B0218+357.
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We investigated the presence of free-free scattering in this system by carrying out an
analysis similar to the one described in Section 5.4, and fitted the measured values of the
flux density of image A to the functional form given by Equation (5.8). Please see Section
5.4 for further details of that model. The measured and fitted values of the flux density of
image A are plotted in Figure 6.9. We see that there is reasonable agreement between the
measured and fitted values, though the value of spectral index we obtain is rather high (∼
0.6). We therefore conclude that free-free absorption could be responsible for the anomalous
flux density ratio in this system.
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Figure 6.9: Measured and fitted values for the flux density of image A assuming free-free
absorption. The blue circles are the measured values and the red squares are the fitted values
obtained by fitting the measured values to the free-free absorption model given by Equation
(6.9).
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Chapter 7
Bootstrap Resampling Applied to
Fringe-Fitting
This chapter describes initial work completed as part of this thesis on a framework for
evaluating the performance of fringe-fitting methods in the low-SNR regime applicable to
millimeter-wavelength interferometry of gravitational lenses. We consider both coherent
and incoherent fringe-fit estimators as part of this study. Estimator performance is assessed
using bootstrap resampling and reference Monte Carlo simulations. In Section 7.1, we set
up the framework for our simulations of global fringe-fitting using coherent and incoherent
averaging, which is shown graphically in Figure 7.1. In Section 7.2, the theory of bootstrap
resampling is presented. The results of our simulations are presented in Section 7.3.
7.1 Global Fringe-Fitting Estimators with Coherent
and Incoherent Averaging
This section describes current fringe-fitting estimators based on both coherent and incoherent
averaging.
• Coherent Averaging:
In this method, the data is averaged over segments equal to the coherence interval. The
fringe-fitting process then seeks to minimize the sum of the squares of the differences between
the data and the model at the time-frequency points of the averaged observations, i.e., the
quantity to be minimized is (Schwab and Cotton, 1983)
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Figure 7.1: Illustration of the simulation framework.
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S(x) =
∑
0≤k≤nt,0≤l≤nν
∑
1≤m≤n≤na
wmnkl|Zmn(tk, νl)− amanVmn(tk, νl)Emnkl|2 (7.1)
where Zmn and Vmn are the observed and true visibilities respectively on baseline m − n,
and am and an are the amplitudes of the complex antenna gains for antennas m and n, and
wmnkl is a weighting factor.
Emnkl = e
j[(ψm0−ψn0)+(rm−rn)(tk−t0)+(τm−τn)(νl−ν0)]. (7.2)
Here the observed visibilities have been pre-averaged over the coherence interval. Vector x
represents the unknown quantities, i.e., the quantities amplitude, fringe-rate, group delay and
phase-offset (aq, rq, τq, φ0q) except the rate, delay and phase offset at the reference antenna
1 which can be set to 0.
Assuming wmnkl=1, the quantity to be minimized becomes
S(x) =
∑
0≤k≤nt,0≤l≤nν
∑
1≤m≤n≤na
|Zmn(tk, νl)− amanVmn(tk, νl)Emnkl|2 (7.3)
• Incoherent Averaging:
In incoherent averaging, the quantity to be maximized is (Rogers et al., 1995)
G(x) =
[
1
M
∑( 2
N(N − 1)Re
∑
aije
−jθij
)2
− bias
]1/2
(7.4)
where the inner summation is over all baselines and frequencies within the coherence time.
The outer summation is the incoherent average over M coherently-averaged segments and
θij is the trial phase for the least squares search (Rogers et al., 1995):
θij = (ri − rj)t+ (τi − τj)ω + (φ0i − φ0j) (7.5)
In incoherent averaging, one searches for the maximum of Equation (7.4), or, equivalently,
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the maximum of
T (x) =
∑( 2
N(N − 1)Re
∑
aije
−jθij
)2
(7.6)
over the vector of unknown quantities x, i.e., all the quantities (rq, τq, φ0q) except the rate,
delay and phase offset at the reference antenna 1 which can be set to 0.
7.2 Bootstrap Resampling
An important problem in fringe-fitting of millimeter polarization VLBI data for gravitational
lenses is detection and estimation of weak signals embedded in noise. Bootstrap resampling
is a modern tool for evaluating estimators in a framework that is insensitive to the underlying
noise distribution of the measured data (e.g., the presence of outliers or non-Gaussianity).
We describe the basic elements of bootstrap resampling here.
Bootstrap resampling can also be used for detection problems, if the detection problem
is set up as a hypothesis testing problem. This hypothesis testing formulation similarly does
not make any assumption about the noise distribution.
Given a dataset, bootstrap resampling provides a measure of level 2 estimator parame-
ters such as bias and MSE without making any assumptions about the distribution of the
underlying random variables. This property of bootstrap resampling makes it a particularly
robust measure of the performance of estimators when little is known about the generating
distribution function. It is a very powerful tool in astrophysics because we usually have just
one dataset and the experiments cannot be easily/exactly replicated. Bootstrap resampling
is also very useful in cases where the estimator properties are not analytically tractable. The
theory presented in this section is largely summarized from Lahiri (2003).
• IID Bootstrap:
Let χn = {X1, . . . , Xn} be independent identically distributed (IID) observations of a
random variable X with cumulative distribution function (CDF) F parametrized by θ. Let
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Real World Bootstrap World
F → X ⇒ F˜ → X∗
↓ ↓
θˆ θˆ∗
Figure 7.2: Illustration of the mirroring relationship in Bootstrap Resampling (after Efron
(2003))
θˆi = t(X1, . . . , Xn) be an estimate of a parameter θ. Then the IID bootstrap method works
as follows (Efron, 1982):
1. An estimate F˜n of F is constructed from χn. Generally the choice of F˜n is the empirical
distribution function
F˜n =
1
n
n∑
i=1
I{Xi≤x} (7.7)
where I{Y≤a} is the indicator function defined by
I{Y≤a} =


1 if Y < a
0 if Y ≥ a
(7.8)
2. IID observations {X∗1 , . . . , X∗n} are generated from the distribution F˜n to construct a
bootstrap resample. θˆ∗n = t(X
∗
1 , . . . , X
∗
n) is an estimate of θ from the bootstrap sample.
m such bootstrap resamples are drawn from the given data.
3. By the bootstrap principle, θˆ∗n − θ(F˜n) mimics the behavior of θˆn − θ. Therefore, the
m bootstrap resamples are used to estimate the level 2 parameters such as bias and
variance of θˆ. Figure 7.2 schematically illustrates the correspondence relationship in
bootstrap resampling.
The simple IID bootstrap method is not applicable when the random variables
{X1, . . . , Xn} have long-range dependence, such as in visibility time series data. The simple
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IID bootstrap cannot be applied in this case. We use a model-based bootstrap to address
this problem.
• Model-Based Bootstrap:
We assume a functional form f(t, ω; β) for the observed visibility random variable as a
function of time and frequency (t, ω) and in terms of a parameter set β. We then find the
parameter set β∗ which best fits our observed data in some sense (minimum L1 or L2 norm,
for example). We then subtract the model values from the observed values, forming the
residuals
ǫi = Xi − f(t, ω; β∗) (7.9)
These ǫi are then IID. We center the residuals to remove the bias, forming the centered
residuals
ǫ˜i = ǫi − ǫ¯ (7.10)
where
ǫ¯ =
1
n
n∑
i=1
ǫi (7.11)
IID bootstrap is then applied to the centered residuals {ǫ˜1, . . . , ǫ˜n} to form the bootstrap
resamples {ǫ˜1∗, . . . , ǫ˜n∗} which are then added to the fitted data and subtracted model for
the long-range dependence. The rest of the method is then similar to that for IID bootstrap,
as will be explained in the next section for the case of our particular problem. The tech-
niques of model-based resampling, subsampling, and centering of residuals have been used
for assessing the fidelity of radio-interferometric imaging in Kemball and Martinsek (2005)
and Kemball et al. (2010).
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7.3 Simulations
The initial simulations presented here are preliminary and serve only to illustrate the basic
framework. Greater sophistication and model neutrality is planned in future work in this
area.
The visibility data were generated using a point source model and zero-mean Gaussian
noise. The measured visibility on baseline mn is then given by
Vmn(tk, ωk; r, τ, φ) = amne
j(ωtk+rτk+φ) +N (0, σ2), 0 ≤ k ≤ N (7.12)
where k runs over all (t, ω) tuples and N = (number of time points) × (number of frequency
points) is the total number of such tuples.
• Model-Based Bootstrap:
We assume a model of the form
V 0mn(tk, ωk; r, τ, φ) = amne
j(ωtk+rτk+φ), 0 ≤ k ≤ N (7.13)
We use a least squares method to fit this model to the data given by Equation (7.12) to
determine the model parameters (rˆ, τˆ , φˆ) = (r0, τ0, φ0).
The residuals and the centered residuals are then formed as follows:
ǫi = Vmn − V 0mn (7.14)
and
ǫ˜i = ǫi − ǫ¯ (7.15)
where
ǫ¯ =
1
N
N∑
i=1
ǫi (7.16)
The IID bootstrap is then applied to the ǫ˜i. Let {ǫ˜1∗, . . . , ǫ˜n∗} be a bootstrap resample
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drawn from {ǫ˜1, . . . , ǫ˜n}. Then the corresponding bootstrap resample of Vmn is constructed
as
V ∗mn(tk, ωk) = V
0
mn(tk, ωk; r0, τ0, φ0) + ǫ˜k, 0 ≤ k ≤ N (7.17)
The values of the model parameters (r, τ, φ) are again estimated by a least-squares fit.
Let (r∗i , τ
∗
i , φ
∗
i ) be the values of the parameters derived from the i
th bootstrap resample.
Then the MSE of the estimator is calculated as
MSE(θˆ) =
1
M
M∑
i=1
(θ∗i − θ0)2 (7.18)
where M is the number of bootstrap resamples and θˆ can be either rˆ,τˆ or φˆ.
The results from the model-based bootstrap simulations are shown in Figures 7.3 - 7.9
for both the coherent and incoherent fringe-fit estimators described above. The variation
of the MSE is shown as a function of SNR (parametrized by σ in Equation (7.12)) and the
number of antennas na. The corresponding Monte Carlo results assuming Gaussian noise
are also shown. The results are comparable, as is expected, and prove the effectiveness of
this resampling framework for evaluating fringe-fitting estimators.
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Figure 7.3: Estimator performance for the Global Coherent Averaging method of Fringe-
Fitting. (top) MSE of the amplitude a as a function of SNR from model-based bootstrap
method, (bottom) MSE of the amplitude a as a function of SNR from Monte Carlo method.
The legends indicate the number of antennas in the array.
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Figure 7.4: Estimator performance for the Global Coherent Averaging method of Fringe-
Fitting. (top) MSE of the rate r as a function of SNR from model-based bootstrap method,
(bottom) MSE of the rate r as a function of SNR from Monte Carlo method. The legends
indicate the number of antennas in the array.
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Figure 7.5: Estimator performance for the Global Coherent Averaging method of Fringe-
Fitting. (top) MSE of the delay τ as a function of SNR from model-based bootstrap method,
(bottom) MSE of the delay τ as a function of SNR from Monte Carlo method. The legends
indicate the number of antennas in the array.
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Figure 7.6: Estimator performance for the Global Coherent Averaging method of Fringe-
Fitting. (top) MSE of the phase offset φ as a function of SNR from model-based bootstrap
method, (bottom) MSE of the phase offset φ as a function of SNR from Monte Carlo method.
The legends indicate the number of antennas in the array.
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Figure 7.7: Estimator performance for the Global Incoherent Averaging method of Fringe-
Fitting. (top) MSE of the rate r as a function of SNR from model-based bootstrap method,
(bottom) MSE of the rate r as a function of SNR from Monte Carlo method. The legends
indicate the number of antennas in the array.
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Figure 7.8: Estimator performance for the Global Incoherent Averaging method of Fringe-
Fitting. (top) MSE of the delay τ as a function of SNR from model-based bootstrap method,
(bottom) MSE of the delay τ as a function of SNR from Monte Carlo method. The legends
indicate the number of antennas in the array.
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Figure 7.9: Estimator performance for the Global Incoherent Averaging method of Fringe-
Fitting. (top) MSE of the phase offset φ as a function of SNR from model-based bootstrap
method, (bottom) MSE of the phase offset φ as a function of SNR from Monte Carlo method.
The legends indicate the number of antennas in the array
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Chapter 8
Conclusions and Future Work
8.1 Conclusions
Chapters 1 and 2 discuss the introductory context for our broader conclusions below. In
Chapter 1 we present a brief introduction to gravitational lensing, an overview of polarization
VLBI observations of gravitational lenses, and a literature survey of the key lens system in
this thesis, B0218+357. In Chapter 2 we present a brief introduction to interferometry
using the Measurement Equation formalism, and describe VLBI calibration and imaging,
including polarization calibration. We discuss the technical challenges faced in millimeter
VLBI polarimetry of gravitational lenses.
In Chapter 3, we present high dynamic range VLBI images of the gravitational lens
system B0218+357 at 43 GHz, which show the polarization structure of the lensed images A
and B at unprecedented resolution using contemporary techniques for millimeter-wavelength
VLBI polarimetry. We observe the expected parity reversal in the lensed images in both
total intensity and polarization. Using three well-defined points in the two high-resolution,
high sensitivity images, we have calculated an unambiguous magnification matrix for the
first time for this lens system. We have demonstrated that this matrix, when applied to
image A, transforms it to a form very similar to image B. We have found the difference in
EVPA between the cores A1 and B1 in the two images to be 3 ± 3 rad/m2, and this vanishing
value confirms the general relativistic expectation of invariance of polarization position angle
under lensing in the limit of negligible propagation effects. This EVPA difference translates
to a differential rotation measure of ∼ 1070 ± 1070 rad/m2, which is consistent with earlier
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reported values in the literature, and values we obtain in Chapters 4 and 6. We find that
neither refractive scattering nor free-free absorption are significant propagation effects at
this frequency, as expected from first principles.
In Chapter 4, we present VLA images of a sample of gravitationally-lensed systems at 1.5,
5, 8, 15, 22 and 43 GHz. We study the statistical distribution of fractional linear polarization
values for the lensed image components across the lens sample, and find a distribution that
is comparable to that observed for cores and jets of unlensed quasars and BL Lac objects at
high resolution. This runs counter to the previous hypothesis that lensed sources have higher
fractional linear polarization values than their unlensed counterparts due to magnification
effects.
We have used a contemporary RM-synthesis procedure followed by RM-CLEAN to de-
termine the absolute rotation measure values of the lensed image components in the sample,
augmented by auxiliary weighted least-squares methods (with and without constraints at
frequencies with no anticipated nπ-ambiguity). We find these techniques to provide a robust
joint estimate of rotation measure. We found that with the exception of B0218+357, a source
known to have significant local absorption, the maximum absolute value of the differential
rotation measure follows the interesting trend of increasing with decreasing redshift. This
may suggest that the degree of coherence and magnitude of the magnetic field in lensing
galaxies increases with decreasing redshift, i.e., with galactic evolution, the magnetic field
becomes stronger and more well-ordered.
In Chapter 5, we present VLA polarization images of the gravitational lens system
B0218+357 at 330 MHz, 1.5 GHz and 5 GHz. An investigation of propagation effects found
that neither refractive scattering nor free-free absorption can be well-modeled at these fre-
quencies and angular resolution. The L-band map shows the Einstein ring in unprecedented
detail. We have proposed a new explanation for the earlier apparent puzzling radial orien-
tation of the polarization vectors in the ring by noting that the ring is made up of pairs of
arcs with similar orientation of polarization vectors, thus each representing lensed images of
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the same small regions of the source very near the line of sight to the center of the lens.
In Chapter 6, we present VLBI images of the gravitational lens system B0218+357 at 8,
15, 22 and 43 GHz. We observe parity reversal in the lensed images A and B in total inten-
sity. A counter jet is clearly visible in both lensed images at the three lowest frequencies.
We confirm the previously-reported anomalous variation of the flux density ratio A/B with
frequency. We find that the image A flux density varies non-monotonically with frequency.
We investigate propagation effects in this system and find that free-free absorption is more
plausible than refractive scattering for explaining the anomalous flux density variation of
image A with frequency. We find the differential rotation measure between the core compo-
nents A1 and B1 to be 720 rad/m2, and that between the jet components A2 and B2 to be
900 rad/m2, values which are consistent with previously reported values for this lens system.
In Chapter 7, we develop a framework for assessing the performance of different fringe-fit
estimators appropriate to millimeter-wavelength VLBI observations of lenses using the tech-
nique of bootstrap resampling. We demonstrate that the bootstrap resampling framework is
as effective as traditional Monte Carlo simulations for assessing estimator performance but
does not require prior knowledge of the unknown parent distribution.
8.2 Future Work
As shown in this thesis, polarimetric interferometry of gravitational lenses yields a wealth
of information about the lens, source, and intervening lensing medium that is not possible
from total intensity observations alone.
For studying the core and jet structure of the source in the gravitational lens system
B0218+357 in further detail in polarization, higher-frequency (e.g., 86 GHz) VLBI observa-
tions are needed, with higher associated angular resolution. This source remains a unique
target for such studies, given its flux density, compactness, and fractional linear polarization.
This project is particularly well-suited to the High-Sensitivity Array (HSA), operated by the
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NRAO, combined with other global VLBI networks.
For studying the statistics of polarization properties in lensed systems, a larger sample
of lens systems over a range of source and lens redshifts and lens classifications is required
in order to increase the robustness of the derived statistical properties. For optimal per-
formance of the RM-synthesis algorithm followed by RM-CLEAN used to estimate rotation
measure values, the sampling points in λ2 should be chosen intelligently so that they are
non-redundantly spaced and cover a large range in λ2. The frequency agility of the upgraded
Jansky VLA (previously EVLA1) offers significant capabilities for future observations of this
type.
In order to study the propagation effects in the lens in the gravitational lens system
B0218+357, and to further investigate the anomalous flux density ratio for this lens system,
high-resolution, low-frequency observations will be a useful adjunct to current data. Such
observations will also be important for studying the Einstein ring in greater detail, since the
ring is bright at lower frequencies.
The bootstrap framework can be extended to fringe-detection, by formulating the de-
tection problem as a hypothesis testing problem. This has particular advantages for non-
Gaussian data.
1http://www.aoc.nrao.edu/evla/
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Appendix A
Calculation of noise in an image
containing pixels with correlated noise
A.1 Derivation from first principles
Let I0(x, y) be an image containing only uncorrelated noise at each pixel. Let I(x, y) be an
image obtained by convolving I0(x, y) with a Gaussian restoring beam C(x, y):
I(x, y) = C(x, y) ∗ I0(x, y)
The intensity at pixel (xk, yk) is given by (e.g., Oppenheim et al. (1999))
I(xk, yk) =
m∑
k′=1
C(xk′ , yk′)I0(xk − xk′ , yk − yk′) (A.1)
where m is the total number of pixels in the image, i.e., equal to the area of the image in pixel
units. Following the convention of Condon (1997), the index k in Equation (A.1) denotes
the index of the kth (x,y) tuple, and runs over all pixels. The total integrated intensity inside
the image is given by
Itotal =
m∑
k=1
I(xk, yk) =
m∑
k=1
m∑
k′=1
C(xk′ , yk′)I0(xk − xk′ , yk − yk′)
From symmetry considerations and ignoring boundary effects at the edges of the image,
we can argue that each pixel in the convolved image I(x, y) contributes equally to the
variance in Itotal. Therefore
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var(Itotal) = m var(Ipixel) (A.2)
where var(Ipixel) is the variance of a single pixel in the convolved image I(x, y) to the variance
and m is the total number of pixels in the image.
From Equation (A.1), we obtain (Condon, 1997)
var(Ipixel) = var(I(xk, yk)) = µ
2
0
m∑
k′=1
C2(xk′ , yk′) = µ
2
0
m∑
k=1
C2(xk, yk)
where µ20 is the variance per pixel in the original image I0(x, y). Replacing the summation
by an integral, we can write this as
var(Ipixel) ≈ µ20
∫ ∞
−∞
∫ ∞
−∞
C2(x, y) dx dy
Let C(x, y) = Cx(x)Cy(y), where
Cx(x) =
1√
2πσx
exp
− x
2
2σ2x
and
Cy(y) =
1√
2πσy
exp
− y
2
2σ2y
Therefore,
var(Ipixel) = µ
2
0
∫ ∞
−∞
C2x(x) dx
∫ ∞
−∞
C2y(y) dy
It can be shown that (e.g., Piskunov (1974))
∫ ∞
−∞
C2x(x) dx =
1
2
√
πσx
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and ∫ ∞
−∞
C2y (y) dy =
1
2
√
πσy
Therefore,
var(Ipixel) =
µ20
4πσxσy
=
µ20
4nbeam
(A.3)
where πσxσy is the beam area in pixels, nbeam.
The variance per beam is
µ2beam = var(Ibeam) = nbeam var(Ipixel) =
µ20
4
, (A.4)
using Equation (A.3).
From Equations. (A.2), (A.3) and (A.4), the variance in the convolved image I(x, y) is
µ2 = var(Itotal) = m var(Ipixel) =
m
nbeam
(
µ20
4
)
=
nimage
nbeam
µ2beam
Therefore, the standard deviation of the noise in the image is
µ =
√
nimage
nbeam
µbeam =
√
Nµbeam (A.5)
where N =
nimage
nbeam
is the number of beams in the convolved image I(x, y).
A.2 Alternative derivation
Let S be the flux density and µI be the RMS of the brightness distribution reported by the
AIPS task IMSTAT. If Ii be the value of the specific intensity at pixel i, then
S =
∑m
i=1 Ii
nbeam
(A.6)
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where m is the number of pixels in the box over which the flux density is calculated, and
nbeam = 1.331θbeam,majθbeam,min is the beam area in pixels, where θbeam,maj and θbeam,min are
the major and minor axes respectively of the restoring beam.
The variance of the flux density S in Equation (A.6) is
σ2S =
m
n2beam
σ2I (A.7)
which implies
σS =
√
m
nbeam
σI =
√
m
nbeam
σbeam (A.8)
where σbeam = σI/nbeam is the variance per beam.
Therefore, the standard deviation σS of the flux density S, corrected for inter-pixel noise
correlation, is given by
σS =
√
Nσbeam (A.9)
where where σbeam is the variance per beam and N =
m
nbeam
is the number of beams in the
image.
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Appendix B
Chapter 4: Auxiliary results
B.1 Flux densities of the lensed image components
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 3.74 3.75 1.03 ×10−2 4.45 ×10−3 1.03 ×10−2
IF 1 4.885 3.75 9.84 ×10−3 9.84 ×10−3
X IF 1 8.435 4.36 5.33 8.20 ×10−5 1.36 1.36
IF 2 8.485 6.29 1.13 ×10−4 1.36
U IF 2 14.915 5.44 5.43 2.54 ×10−3 3.39 ×10−3 3.39 ×10−3
IF 1 14.965 5.43 2.09 ×10−3 3.39 ×10−3
K IF 2 22.435 5.75 5.76 7.97 ×10−3 2.76 ×10−3 7.97 ×10−3
IF 1 22.485 5.76 9.37 ×10−3 9.37 ×10−3
Q IF 1 43.315 4.26 4.26 2.80 ×10−3 1.20 ×10−3 2.80 ×10−3
IF 2 43.365 4.25 2.00 ×10−3 2.00 ×10−3
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 6.96 6.95 1.19 ×10−4 1.37 ×10−2 1.37 ×10−2
IF 1 4.885 6.94 8.83 ×10−5 1.37 ×10−2
X IF 1 8.435 4.38 5.33 1.11 ×10−3 1.35 1.35
IF 2 8.485 6.29 1.03 ×10−3 1.35
U IF 2 14.915 3.46 3.45 2.56 ×10−3 9.40 ×10−3 9.40 ×10−3
IF 1 14.965 3.45 2.07 ×10−3 9.40 ×10−3
K IF 2 22.435 4.15 4.16 7.20 ×10−3 6.15 ×10−3 7.20 ×10−3
IF 1 22.485 4.16 9.05 ×10−3 9.05 ×10−3
Q IF 1 43.315 3.53 3.53 7.21 ×10−3 1.09 ×10−2 1.09 ×10−2
IF 2 43.365 3.52 5.39 ×10−3 1.09 ×10−2
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 3.74 3.75 1.03 ×10−2 4.45 ×10−3 1.03 ×10−2
IF 1 4.885 3.75 9.84 ×10−3 9.84 ×10−3
X IF 1 8.435 4.36 5.33 8.20 ×10−5 1.36 1.36
IF 2 8.485 6.29 1.13 ×10−4 1.36
U IF 2 14.915 4.78 ×10−1 6.53 ×10−1 3.27 ×10−4 2.48 ×10−1 2.48 ×10−1
IF 1 14.965 8.29 ×10−1 2.77 ×10−4 2.48 ×10−1
K IF 2 22.435 3.74 ×10−1 3.74 ×10−1 1.31 ×10−3 3.61 ×10−4 1.31 ×10−3
IF 1 22.485 3.74 ×10−1 6.75 ×10−4 6.75 ×10−4
Q IF 1 43.315 7.86 ×10−2 7.47 ×10−2 2.43 ×10−3 5.48 ×10−3 5.48 ×10−3
IF 2 43.365 7.08 ×10−2 2.83 ×10−3 5.48 ×10−3
Image C
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 6.96 6.95 1.19 ×10−4 1.37 ×10−2 1.37 ×10−2
IF 1 4.885 6.94 8.83 ×10−5 1.37 ×10−2
X IF 1 8.435 4.38 5.33 1.11 ×10−3 1.35 1.35
IF 2 8.485 6.29 1.03 ×10−3 1.35
U IF 2 14.915 6.03 ×10−1 6.11 ×10−1 2.36 ×10−3 1.07 ×10−2 1.07 ×10−2
IF 1 14.965 6.19 ×10−1 2.01 ×10−3 1.07 ×10−2
K IF 2 22.435 6.93 ×10−1 6.89 ×10−1 6.01 ×10−3 5.81 ×10−3 6.01 ×10−3
IF 1 22.485 6.85 ×10−1 8.27 ×10−3 8.27 ×10−3
Q IF 1 43.315 2.31 ×10−1 2.37 ×10−1 5.60 ×10−3 8.20 ×10−3 8.20 ×10−3
IF 2 43.365 2.42 ×10−1 4.24 ×10−3 8.20 ×10−3
Image D
Table B.1: Flux density for PKS 1830-211
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 1.97 ×10−2 1.97 ×10−2 8.85 ×10−5 4.81 ×10−5 8.85 ×10−5
IF 1 4.885 1.97 ×10−2 6.23 ×10−5 6.23 ×10−5
X IF 1 8.435 1.01 ×10−2 1.06 ×10−2 5.16 ×10−5 6.39 ×10−4 6.39 ×10−4
IF 2 8.485 1.10 ×10−2 5.61 ×10−5 6.39 ×10−4
U IF 2 14.915 6.68 ×10−3 6.70 ×10−3 2.38 ×10−4 1.51 ×10−5 2.38 ×10−4
IF 1 14.965 6.71 ×10−3 2.69 ×10−4 2.69 ×10−4
K IF 2 22.435 3.77 ×10−3 3.93 ×10−3 4.15 ×10−4 2.30 ×10−4 4.15 ×10−4
IF 1 22.485 4.10 ×10−3 2.55 ×10−4 2.55 ×10−4
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 6.96 ×10−2 6.94 ×10−2 1.07 ×10−4 3.08 ×10−4 3.08 ×10−4
IF 1 4.885 6.92 ×10−2 9.54 ×10−5 3.08 ×10−4
X IF 1 8.435 4.32 ×10−2 4.32 ×10−2 8.86 ×10−5 8.49 ×10−6 8.86 ×10−5
IF 2 8.485 4.32 ×10−2 1.22 ×10−4 1.22 ×10−4
U IF 2 14.915 2.21 ×10−2 2.21 ×10−2 3.91 ×10−4 2.97 ×10−5 3.91 ×10−4
IF 1 14.965 2.21 ×10−2 3.91 ×10−4 3.91 ×10−4
K IF 2 22.435 8.19 ×10−3 8.64 ×10−3 2.44 ×10−3 6.41 ×10−4 2.44 ×10−3
IF 1 22.485 9.10 ×10−3 1.08 ×10−3 1.08 ×10−3
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.36 ×10−1 2.36 ×10−1 1.34 ×10−4 2.97 ×10−4 2.97 ×10−4
IF 1 4.885 2.37 ×10−1 1.03 ×10−4 2.97 ×10−4
X IF 1 8.435 1.70 ×10−1 1.70 ×10−1 6.31 ×10−5 1.06 ×10−4 1.06 ×10−4
IF 2 8.485 1.70 ×10−1 9.70 ×10−5 1.06 ×10−4
U IF 2 14.915 1.19 ×10−1 1.18 ×10−1 3.03 ×10−4 3.82 ×10−4 3.82 ×10−4
IF 1 14.965 1.18 ×10−1 2.81 ×10−4 3.82 ×10−4
K IF 2 22.435 2.10 ×10−2 2.07 ×10−2 3.34 ×10−3 4.18 ×10−4 3.34 ×10−3
IF 1 22.485 2.04 ×10−2 1.55 ×10−3 1.55 ×10−3
Image C1
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.36 ×10−1 2.36 ×10−1 1.34 ×10−4 2.97 ×10−4 2.97 ×10−4
IF 1 4.885 2.37 ×10−1 1.03 ×10−4 2.97 ×10−4
X IF 1 8.435 1.70 ×10−1 1.70 ×10−1 6.31 ×10−5 1.06 ×10−4 1.06 ×10−4
IF 2 8.485 1.70 ×10−1 9.70 ×10−5 1.06 ×10−4
U IF 2 14.915 1.19 ×10−1 1.18 ×10−1 3.03 ×10−4 3.82 ×10−4 3.82 ×10−4
IF 1 14.965 1.18 ×10−1 2.81 ×10−4 3.82 ×10−4
K IF 2 22.435 4.76 ×10−2 4.83 ×10−2 1.00 ×10−3 1.01 ×10−3 1.01 ×10−3
IF 1 22.485 4.90 ×10−2 4.86 ×10−4 1.01 ×10−3
Image C2
Table B.2: Flux density for B1938+666.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 4.63 ×10−2 4.51 ×10−2 1.03 ×10−3 1.72 ×10−3 1.72 ×10−3
IF 1 1.465 4.39 ×10−2 8.37 ×10−4 1.72 ×10−3
C IF 2 4.835 1.79 ×10−2 1.77 ×10−2 1.89 ×10−4 3.57 ×10−4 3.57 ×10−4
IF 1 4.885 1.74 ×10−2 1.38 ×10−4 3.57 ×10−4
X IF 1 8.435 9.19 ×10−3 9.25 ×10−3 1.46 ×10−4 7.52 ×10−5 1.46 ×10−4
IF 2 8.485 9.30 ×10−3 1.05 ×10−4 1.05 ×10−4
U IF 2 14.915 3.83 ×10−3 4.10 ×10−3 1.82 ×10−4 3.80 ×10−4 3.80 ×10−4
IF 1 14.965 4.36 ×10−3 2.37 ×10−4 3.80 ×10−4
K IF 2 22.435 1.75 ×10−3 1.59 ×10−3 4.14 ×10−4 2.34 ×10−4 4.14 ×10−4
IF 1 22.485 1.42 ×10−3 1.12 ×10−3 1.12 ×10−3
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 5.62 ×10−2 5.55 ×10−2 1.68 ×10−4 1.09 ×10−3 1.09 ×10−3
IF 1 1.465 5.47 ×10−2 2.08 ×10−4 1.09 ×10−3
C IF 2 4.835 1.98 ×10−2 1.98 ×10−2 8.85 ×10−5 2.12 ×10−6 8.85 ×10−5
IF 1 4.885 1.98 ×10−2 5.05 ×10−5 5.05 ×10−5
X IF 1 8.435 1.06 ×10−2 1.04 ×10−2 4.64 ×10−5 2.35 ×10−4 2.35 ×10−4
IF 2 8.485 1.02 ×10−2 5.15 ×10−5 2.35 ×10−4
U IF 2 14.915 4.49 ×10−3 4.49 ×10−3 1.79 ×10−4 6.29 ×10−6 1.79 ×10−4
IF 1 14.965 4.48 ×10−3 2.00 ×10−4 2.00 ×10−4
K IF 2 22.435 7.59 ×10−4 8.20 ×10−4 2.37 ×10−4 8.53 ×10−5 2.37 ×10−4
IF 1 22.485 8.80 ×10−4 1.54 ×10−4 1.54 ×10−4
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 8.88 ×10−2 8.99 ×10−2 2.01 ×10−4 1.57 ×10−3 1.57 ×10−3
IF 1 1.465 9.10 ×10−2 2.26 ×10−4 1.57 ×10−3
C IF 2 4.835 5.69 ×10−2 5.71 ×10−2 8.69 ×10−5 3.26 ×10−4 3.26 ×10−4
IF 1 4.885 5.74 ×10−2 5.80 ×10−5 3.26 ×10−4
X IF 1 8.435 3.07 ×10−2 3.07 ×10−2 4.95 ×10−5 5.09 ×10−5 5.09 ×10−5
IF 2 8.485 3.07 ×10−2 4.93 ×10−5 5.09 ×10−5
U IF 2 14.915 1.51 ×10−2 1.56 ×10−2 1.99 ×10−4 6.83 ×10−4 6.83 ×10−4
IF 1 14.965 1.60 ×10−2 1.85 ×10−4 6.83 ×10−4
K IF 2 22.435 1.03 ×10−2 9.69 ×10−3 1.84 ×10−4 8.28 ×10−4 8.28 ×10−4
IF 1 22.485 9.10 ×10−3 1.11 ×10−4 8.28 ×10−4
Image C
Table B.3: Flux density for MG 2016+112.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 1.58 1.58 1.12 ×10−3 1.41 ×10−4 1.12 ×10−3
IF 1 1.465 1.58 8.67 ×10−4 8.67 ×10−4
C IF 2 4.835 3.44 ×10−1 3.43 ×10−1 2.02 ×10−4 1.54 ×10−3 1.54 ×10−3
IF 1 4.885 3.42 ×10−1 1.55 ×10−4 1.54 ×10−3
X IF 1 8.435 2.14 ×10−1 2.14 ×10−1 1.61 ×10−4 3.18 ×10−4 3.18 ×10−4
IF 2 8.485 2.13 ×10−1 1.43 ×10−4 3.18 ×10−4
U IF 2 14.915 1.37 ×10−1 1.37 ×10−1 2.00 ×10−4 2.26 ×10−4 2.26 ×10−4
IF 1 14.965 1.38 ×10−1 2.98 ×10−4 2.98 ×10−4
K IF 2 22.435 1.05 ×10−1 1.06 ×10−1 3.92 ×10−4 8.91 ×10−4 8.91 ×10−4
IF 1 22.485 1.06 ×10−1 9.20 ×10−4 9.20 ×10−4
Image A1
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 1.58 1.58 1.12 ×10−3 1.41 ×10−4 1.12 ×10−3
IF 1 1.465 1.58 8.67 ×10−4 8.67 ×10−4
C IF 2 4.835 3.01 ×10−1 3.02 ×10−1 1.75 ×10−4 1.77 ×10−3 1.77 ×10−3
IF 1 4.885 3.03 ×10−1 1.58 ×10−4 1.77 ×10−3
X IF 1 8.435 1.89 ×10−1 1.89 ×10−1 1.32 ×10−4 1.34 ×10−4 1.34 ×10−4
IF 2 8.485 1.89 ×10−1 1.17 ×10−4 1.34 ×10−4
U IF 2 14.915 1.22 ×10−1 1.22 ×10−1 1.64 ×10−4 3.61 ×10−4 3.61 ×10−4
IF 1 14.965 1.21 ×10−1 2.19 ×10−4 3.61 ×10−4
K IF 2 22.435 9.43 ×10−2 9.42 ×10−2 4.03 ×10−4 7.78 ×10−5 4.03 ×10−4
IF 1 22.485 9.41 ×10−2 1.12 ×10−3 1.12 ×10−3
Image A2
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 3.24 ×10−1 3.24 ×10−1 1.22 ×10−3 1.24 ×10−3 1.24 ×10−3
IF 1 1.465 3.25 ×10−1 8.93 ×10−4 1.24 ×10−3
C IF 2 4.835 1.28 ×10−1 1.29 ×10−1 1.73 ×10−4 5.37 ×10−4 5.37 ×10−4
IF 1 4.885 1.29 ×10−1 1.23 ×10−4 5.37 ×10−4
X IF 1 8.435 7.97 ×10−2 7.98 ×10−2 1.32 ×10−4 1.29 ×10−4 1.32 ×10−4
IF 2 8.485 7.99 ×10−2 1.30 ×10−4 1.30 ×10−4
U IF 2 14.915 5.14 ×10−2 5.20 ×10−2 1.82 ×10−4 7.39 ×10−4 7.39 ×10−4
IF 1 14.965 5.25 ×10−2 2.43 ×10−4 7.39 ×10−4
K IF 2 22.435 3.97 ×10−2 3.95 ×10−2 3.15 ×10−4 1.68 ×10−4 3.15 ×10−4
IF 1 22.485 3.94 ×10−2 8.85 ×10−4 8.85 ×10−4
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 1.19 ×10−1 1.17 ×10−1 3.22 ×10−4 2.11 ×10−3 2.11 ×10−3
IF 1 1.465 1.16 ×10−1 5.33 ×10−4 2.11 ×10−3
C IF 2 4.835 4.48 ×10−2 4.43 ×10−2 1.17 ×10−4 6.97 ×10−4 6.97 ×10−4
IF 1 4.885 4.38 ×10−2 9.86 ×10−5 6.97 ×10−4
X IF 1 8.435 2.80 ×10−2 2.86 ×10−2 1.20 ×10−3 8.45 ×10−4 1.20 ×10−3
IF 2 8.485 2.92 ×10−2 1.26 ×10−3 1.26 ×10−3
U IF 2 14.915 1.92 ×10−2 1.92 ×10−2 8.83 ×10−4 3.54 ×10−5 8.83 ×10−4
IF 1 14.965 1.92 ×10−2 5.06 ×10−4 5.06 ×10−4
K IF 2 22.435 1.46 ×10−2 1.46 ×10−2 1.48 ×10−3 7.57 ×10−5 1.48 ×10−3
IF 1 22.485 1.45 ×10−2 8.80 ×10−4 8.80 ×10−4
Image C
Table B.4: Flux density for MG 0414+0534.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1 8.435 9.50 ×10−1 9.49 ×10−1 1.03 ×10−4 3.11 ×10−4 3.11 ×10−4
IF 2 8.485 9.49 ×10−1 1.01 ×10−4 3.11 ×10−4
U IF 2 14.915 1.02 1.02 1.57 ×10−4 2.83 ×10−4 2.83 ×10−4
IF 1 14.965 1.02 1.69 ×10−4 2.83 ×10−4
K IF 2 22.435 1.08 1.08 1.70 ×10−4 2.76 ×10−3 2.76 ×10−3
IF 1 22.485 1.07 2.53 ×10−4 2.76 ×10−3
Q IF 1 43.315 9.00 ×10−1 9.00 ×10−1 3.14 ×10−4 4.95 ×10−4 4.95 ×10−4
IF 2 43.365 8.99 ×10−1 3.07 ×10−4 4.95 ×10−4
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
X IF 1 8.435 4.13 ×10−1 4.13 ×10−1 1.43 ×10−3 4.24 ×10−4 1.43 ×10−3
IF 2 8.485 4.13 ×10−1 1.42 ×10−3 1.42 ×10−3
U IF 2 14.915 3.18 ×10−1 3.18 ×10−1 8.38 ×10−4 4.24 ×10−4 8.38 ×10−4
IF 1 14.965 3.19 ×10−1 4.95 ×10−4 4.95 ×10−4
K IF 2 22.435 3.23 ×10−1 3.22 ×10−1 1.71 ×10−3 1.62 ×10−3 1.71 ×10−3
IF 1 22.485 3.21 ×10−1 1.01 ×10−3 1.62 ×10−3
Q IF 1 43.315 2.43 ×10−1 2.44 ×10−1 2.82 ×10−3 1.53 ×10−3 2.82 ×10−3
IF 2 43.365 2.45 ×10−1 3.18 ×10−3 3.18 ×10−3
Image B
Table B.5: Flux density for B0218+357.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 7.29 ×10−2 7.27 ×10−2 3.85 ×10−4 2.52 ×10−4 3.85 ×10−4
IF 1 1.465 7.25 ×10−2 6.39 ×10−4 6.39 ×10−4
C IF 2 4.835 3.03 ×10−2 3.03 ×10−2 1.00 ×10−4 9.90 ×10−6 1.00 ×10−4
IF 1 4.885 3.03 ×10−2 9.32 ×10−5 9.32 ×10−5
X IF 1 8.435 2.34 ×10−2 2.33 ×10−2 8.56 ×10−5 2.38 ×10−4 2.38 ×10−4
IF 2 8.485 2.31 ×10−2 9.44 ×10−5 2.38 ×10−4
U IF 2 14.915 7.23 ×10−3 7.02 ×10−3 1.53 ×10−4 2.90 ×10−4 2.90 ×10−4
IF 1 14.965 6.82 ×10−3 1.52 ×10−4 2.90 ×10−4
K IF 2 22.435 2.59 ×10−3 3.05 ×10−3 1.98 ×10−4 6.54 ×10−4 6.54 ×10−4
IF 1 22.485 3.51 ×10−3 2.29 ×10−4 6.54 ×10−4
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 4.53 ×10−2 4.57 ×10−2 2.95 ×10−4 6.17 ×10−4 6.17 ×10−4
IF 1 1.465 4.62 ×10−2 5.42 ×10−4 6.17 ×10−4
C IF 2 4.835 2.11 ×10−2 2.11 ×10−2 6.19 ×10−5 2.69 ×10−5 6.19 ×10−5
IF 1 4.885 2.11 ×10−2 5.89 ×10−5 5.89 ×10−5
X IF 1 8.435 1.50 ×10−2 1.51 ×10−2 1.05 ×10−4 2.31 ×10−4 2.31 ×10−4
IF 2 8.485 1.53 ×10−2 7.01 ×10−5 2.31 ×10−4
U IF 2 14.915 5.56 ×10−3 5.49 ×10−3 3.13 ×10−4 1.00 ×10−4 3.13 ×10−4
IF 1 14.965 5.42 ×10−3 2.22 ×10−4 2.22 ×10−4
K IF 2 22.435 3.18 ×10−3 2.70 ×10−3 5.98 ×10−4 6.74 ×10−4 6.74 ×10−4
IF 1 22.485 2.22 ×10−3 4.98 ×10−4 6.74 ×10−4
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 2.10 ×10−1 2.09 ×10−1 3.75 ×10−4 8.06 ×10−4 8.06 ×10−4
IF 1 1.465 2.09 ×10−1 6.35 ×10−4 8.06 ×10−4
C IF 2 4.835 7.13 ×10−2 7.14 ×10−2 8.94 ×10−5 1.77 ×10−4 1.77 ×10−4
IF 1 4.885 7.15 ×10−2 8.16 ×10−5 1.77 ×10−4
X IF 1 8.435 2.21 ×10−2 2.14 ×10−2 9.27 ×10−5 9.55 ×10−4 9.55 ×10−4
IF 2 8.485 2.07 ×10−2 8.78 ×10−5 9.55 ×10−4
Image C
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 1.32 ×10−1 1.33 ×10−1 3.15 ×10−4 4.74 ×10−4 4.74 ×10−4
IF 1 1.465 1.33 ×10−1 4.77 ×10−4 4.77 ×10−4
C IF 2 4.835 2.13 ×10−2 1.63 ×10−2 7.60 ×10−5 7.11 ×10−3 7.11 ×10−3
IF 1 4.885 1.12 ×10−2 6.83 ×10−5 7.11 ×10−3
X IF 1 8.435 8.88 ×10−3 8.64 ×10−3 1.05 ×10−4 3.33 ×10−4 3.33 ×10−4
IF 2 8.485 8.41 ×10−3 9.66 ×10−5 3.33 ×10−4
Image D
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
L IF 2 1.385 3.48 ×10−2 3.45 ×10−2 3.72 ×10−4 3.54 ×10−4 3.72 ×10−4
IF 1 1.465 3.43 ×10−2 6.19 ×10−4 6.19 ×10−4
C IF 2 4.835 6.21 ×10−3 6.61 ×10−3 1.40 ×10−4 5.75 ×10−4 5.75 ×10−4
IF 1 4.885 7.02 ×10−3 1.16 ×10−4 5.75 ×10−4
Image E
Table B.6: Flux density for Q0957+561.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.23×10−1 2.24×10−1 1.19×10−4 3.11×10−4 3.11×10−4
IF 1 4.885 2.24×10−1 1.00×10−4 3.11×10−4
X IF 1 8.435 1.63×10−1 1.63×10−1 1.19×10−4 1.41×10−4 1.41×10−4
IF 2 8.485 1.63×10−1 9.35×10−5 1.41×10−4
U IF 2 14.915 9.99×10−2 9.92×10−2 2.14×10−4 9.34×10−4 9.34×10−4
IF 1 14.965 9.86×10−2 1.77×10−4 9.34×10−4
K IF 2 22.435 7.76×10−2 7.73×10−2 2.35×10−4 4.81×10−4 4.81×10−4
IF 1 22.485 7.69×10−2 2.03×10−4 4.81×10−4
Q IF 1 43.315 1.41×10−2 1.58×10−2 5.01×10−4 2.45×10−3 2.45×10−3
IF 2 43.365 1.76×10−2 3.20×10−4 2.45×10−3
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.42×10−1 2.41×10−1 1.50×10−4 1.41×10−5 1.50×10−4
IF 1 4.885 2.41×10−1 1.18×10−4 1.18×10−4
X IF 1 8.435 1.77×10−1 1.77×10−1 8.58×10−5 7.07×10−6 8.58×10−5
IF 2 8.485 1.77×10−1 7.79×10−5 7.79×10−5
U IF 2 14.915 1.09×10−1 1.09×10−1 3.07×10−4 4.31×10−4 4.31×10−4
IF 1 14.965 1.09×10−1 2.36×10−4 4.31×10−4
K IF 2 22.435 8.55×10−2 8.54×10−2 6.37×10−4 8.70×10−5 6.37×10−4
IF 1 22.485 8.54×10−2 5.32×10−4 5.32×10−4
Q IF 1 43.315 1.89×10−2 1.85×10−2 3.62×10−4 5.68×10−4 5.68×10−4
IF 2 43.365 1.81×10−2 4.36×10−4 5.68×10−4
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 1.25×10−1 1.25×10−1 1.53×10−4 1.41×10−4 1.53×10−4
IF 1 4.885 1.25×10−1 1.20×10−4 1.41×10−4
X IF 1 8.435 9.11×10−2 9.11×10−2 9.53×10−5 2.97×10−5 9.53×10−5
IF 2 8.485 9.11×10−2 7.01×10−5 7.01×10−5
U IF 2 14.915 5.54×10−2 5.50×10−2 3.33×10−4 5.66×10−4 5.66×10−4
IF 1 14.965 5.46×10−2 2.36×10−4 5.66×10−4
K IF 2 22.435 4.33×10−2 4.31×10−2 6.46×10−4 2.59×10−4 6.46×10−4
IF 1 22.485 4.30×10−2 5.49×10−4 5.49×10−4
Q IF 1 43.315 7.14×10−3 6.64×10−3 4.22×10−4 7.10×10−4 7.10×10−4
IF 2 43.365 6.13×10−3 4.24×10−4 7.10×10−4
Image C
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 6.94×10−3 6.99×10−3 1.40×10−4 6.75×10−5 1.40×10−4
IF 1 4.885 7.04×10−3 1.10×10−4 1.10×10−4
X IF 1 8.435 4.73×10−3 4.68×10−3 5.77×10−5 6.35×10−5 6.35×10−5
IF 2 8.485 4.64×10−3 9.52×10−5 9.52×10−5
U IF 2 14.915 2.51×10−3 2.48×10−3 2.67×10−4 4.10×10−5 2.67×10−4
IF 1 14.965 2.45×10−3 2.97×10−4 2.97×10−4
K IF 2 22.435 1.12×10−3 1.16×10−3 3.96×10−4 5.31×10−5 3.96×10−4
IF 1 22.485 1.20×10−3 6.52×10−4 6.52×10−4
Image D
Table B.7: Flux density for B1422+231.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 3.04 ×10−2 3.03 ×10−2 1.38 ×10−4 7.85 ×10−5 1.38 ×10−4
IF 1 4.885 3.03 ×10−2 1.10 ×10−4 1.10 ×10−4
X IF 1 8.435 2.58 ×10−2 2.58 ×10−2 5.33 ×10−5 1.98 ×10−5 5.33 ×10−5
IF 2 8.485 2.58 ×10−2 9.52 ×10−5 9.52 ×10−5
U IF 2 14.915 2.33 ×10−2 2.35 ×10−2 2.78 ×10−4 2.00 ×10−4 2.78 ×10−4
IF 1 14.965 2.36 ×10−2 2.68 ×10−4 2.68 ×10−4
K IF 2 22.435 2.59 ×10−2 2.68 ×10−2 3.53 ×10−4 1.22 ×10−3 1.22 ×10−3
IF 1 22.485 2.76 ×10−2 6.29 ×10−4 1.22 ×10−3
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.50 ×10−2 2.49 ×10−2 1.07 ×10−4 7.21 ×10−5 1.07 ×10−4
IF 1 4.885 2.49 ×10−2 8.47 ×10−5 8.47 ×10−5
X IF 1 8.435 2.17 ×10−2 2.17 ×10−2 7.84 ×10−5 4.24 ×10−5 7.84 ×10−5
IF 2 8.485 2.16 ×10−2 8.45 ×10−5 8.45 ×10−5
U IF 2 14.915 1.89 ×10−2 1.87 ×10−2 3.86 ×10−4 2.79 ×10−4 3.86 ×10−4
IF 1 14.965 1.85 ×10−2 3.81 ×10−4 3.81 ×10−4
K IF 2 22.435 1.81 ×10−2 1.90 ×10−2 2.13 ×10−4 1.22 ×10−3 1.22 ×10−3
IF 1 22.485 1.98 ×10−2 1.62 ×10−4 1.22 ×10−3
Image B
Table B.8: Flux density for B1600+434.
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Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 2.58 ×10−2 2.58 ×10−2 1.09 ×10−4 2.76 ×10−5 1.09 ×10−4
IF 1 4.885 2.58 ×10−2 1.02 ×10−4 1.02 ×10−4
X IF 1 8.435 2.28 ×10−2 2.28 ×10−2 7.09 ×10−5 1.56 ×10−5 7.09 ×10−5
IF 2 8.485 2.28 ×10−2 7.79 ×10−5 7.79 ×10−5
U IF 2 14.915 2.00 ×10−2 2.01 ×10−2 3.54 ×10−4 7.92 ×10−5 3.54 ×10−4
IF 1 14.965 2.01 ×10−2 2.94 ×10−4 2.94 ×10−4
K IF 2 22.435 1.72 ×10−2 1.69 ×10−2 1.97 ×10−4 3.77 ×10−4 3.77 ×10−4
IF 1 22.485 1.67 ×10−2 1.39 ×10−4 3.77 ×10−4
Q IF 1 43.315 9.97 ×10−3 9.28 ×10−3 4.37 ×10−3 9.87 ×10−4 4.37 ×10−3
IF 2 43.365 8.58 ×10−3 5.89 ×10−3 5.89 ×10−3
Image A
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 1.35 ×10−2 1.37 ×10−2 1.11 ×10−4 3.46 ×10−4 3.46 ×10−4
IF 1 4.885 1.40 ×10−2 8.80 ×10−5 3.46 ×10−4
X IF 1 8.435 1.11 ×10−2 1.10 ×10−2 5.87 ×10−5 5.44 ×10−5 5.87 ×10−5
IF 2 8.485 1.10 ×10−2 6.69 ×10−5 6.69 ×10−5
U IF 2 14.915 9.04 ×10−3 8.50 ×10−3 3.11 ×10−4 7.68 ×10−4 7.68 ×10−4
IF 1 14.965 7.95 ×10−3 2.65 ×10−4 7.68 ×10−4
K IF 2 22.435 7.77 ×10−3 7.00 ×10−3 1.51 ×10−4 1.10 ×10−3 1.10 ×10−3
IF 1 22.485 6.22 ×10−3 8.62 ×10−5 1.10 ×10−3
Image B
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 1.34 ×10−2 1.34 ×10−2 1.00 ×10−4 1.41 ×10−5 1.00 ×10−4
IF 1 4.885 1.34 ×10−2 8.80 ×10−5 8.80 ×10−5
X IF 1 8.435 1.16 ×10−2 1.17 ×10−2 7.70 ×10−5 8.63 ×10−5 8.63 ×10−5
IF 2 8.485 1.17 ×10−2 7.98 ×10−5 8.63 ×10−5
U IF 2 14.915 1.01 ×10−2 9.87 ×10−3 3.56 ×10−4 3.18 ×10−4 3.56 ×10−4
IF 1 14.965 9.64 ×10−3 2.94 ×10−4 3.18 ×10−4
K IF 2 22.435 8.87 ×10−3 8.13 ×10−3 1.91 ×10−4 1.06 ×10−3 1.06 ×10−3
IF 1 22.485 7.38 ×10−3 1.28 ×10−4 1.06 ×10−3
Image C
Frequency IF Frequency Flux Density (in Jy)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
I Imean σI ǫI max(σI , ǫI)
C IF 2 4.835 4.73 ×10−3 4.69 ×10−3 3.13 ×10−3 6.07 ×10−5 3.13 ×10−3
IF 1 4.885 4.64 ×10−3 4.91 ×10−3 4.91 ×10−3
X IF 1 8.435 3.88 ×10−3 3.95 ×10−3 2.84 ×10−3 8.75 ×10−5 2.84 ×10−3
IF 2 8.485 4.01 ×10−3 2.42 ×10−3 2.42 ×10−3
U IF 2 14.915 3.63 ×10−3 3.76 ×10−3 1.63 ×10−3 1.87 ×10−4 1.63 ×10−3
IF 1 14.965 3.89 ×10−3 1.91 ×10−3 1.91 ×10−3
K IF 2 22.435 2.37 ×10−3 2.08 ×10−3 1.81 ×10−3 4.05 ×10−4 1.81 ×10−3
IF 1 22.485 1.79 ×10−3 2.37 ×10−3 2.37 ×10−3
Image D
Table B.9: Flux density for B1608+656.
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B.2 Fractional polarization values for the lensed
image components
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 2.29 ×10−3 2.49 ×10−3 1.62 ×10−4 2.88 ×10−4 2.88 ×10−4
IF 1 4.885 2.69 ×10−3 1.65 ×10−4 2.88 ×10−4
X IF 1 8.435 4.53 ×10−3 3.37 ×10−3 1.67 ×10−5 1.65 ×10−3 1.65 ×10−3
IF 2 8.485 2.20 ×10−3 1.53 ×10−5 1.65 ×10−3
U IF 2 14.915 8.59 ×10−3 8.10 ×10−3 2.04 ×10−4 6.91 ×10−4 6.91 ×10−4
IF 1 14.965 7.61 ×10−3 6.73 ×10−4 6.91 ×10−4
K IF 2 22.435 1.90 ×10−2 1.85 ×10−2 6.51 ×10−4 6.51 ×10−4 6.51 ×10−4
IF 1 22.485 1.80 ×10−2 6.58 ×10−4 6.58 ×10−4
Q IF 1 43.315 1.48 ×10−2 1.49 ×10−2 3.93 ×10−4 1.97 ×10−4 3.93 ×10−4
IF 2 43.365 1.51 ×10−2 3.39 ×10−4 3.39 ×10−4
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.35 ×10−3 1.65 ×10−3 1.38 ×10−5 4.26 ×10−4 4.26 ×10−4
IF 1 4.885 1.95 ×10−3 1.53 ×10−5 4.26 ×10−4
X IF 1 8.435 1.12 ×10−2 1.21 ×10−2 6.88 ×10−4 1.26 ×10−3 1.26 ×10−3
IF 2 8.485 1.30 ×10−2 5.10 ×10−4 1.26 ×10−3
U IF 2 14.915 1.47 ×10−2 1.43 ×10−2 3.23 ×10−4 5.44 ×10−4 5.44 ×10−4
IF 1 14.965 1.39 ×10−2 1.05 ×10−3 1.05 ×10−3
K IF 2 22.435 7.95 ×10−3 7.57 ×10−3 8.15 ×10−4 5.27 ×10−4 8.15 ×10−4
IF 1 22.485 7.20 ×10−3 8.79 ×10−4 8.79 ×10−4
Q IF 1 43.315 7.14 ×10−4 1.53 ×10−3 1.22 ×10−3 1.15 ×10−3 1.22 ×10−3
IF 2 43.365 2.34 ×10−3 1.10 ×10−3 1.15 ×10−3
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 2.29 ×10−3 2.49 ×10−3 1.62 ×10−4 2.88 ×10−4 2.88 ×10−4
IF 1 4.885 2.69 ×10−3 1.65 ×10−4 2.88 ×10−4
X IF 1 8.435 4.53 ×10−3 3.37 ×10−3 1.67 ×10−5 1.65 ×10−3 1.65 ×10−3
IF 2 8.485 2.20 ×10−3 1.53 ×10−5 1.65 ×10−3
U IF 2 14.915 4.57 ×10−3 4.70 ×10−3 6.21 ×10−4 1.89 ×10−4 6.21 ×10−4
IF 1 14.965 4.83 ×10−3 3.76 ×10−4 3.76 ×10−4
K IF 2 22.435 1.14 ×10−2 1.24 ×10−2 1.39 ×10−3 1.45 ×10−3 1.45 ×10−3
IF 1 22.485 1.35 ×10−2 1.65 ×10−3 1.65 ×10−3
Q IF 1 43.315 1.30 ×10−1 1.50 ×10−1 2.46 ×10−2 2.88 ×10−2 2.88 ×10−2
IF 2 43.365 1.71 ×10−1 2.57 ×10−2 2.88 ×10−2
Image C
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.35 ×10−3 1.65 ×10−3 1.38 ×10−5 4.26 ×10−4 4.26 ×10−4
IF 1 4.885 1.95 ×10−3 1.53 ×10−5 4.26 ×10−4
X IF 1 8.435 1.12 ×10−2 1.21 ×10−2 6.88 ×10−4 1.26 ×10−3 1.26 ×10−3
IF 2 8.485 1.30 ×10−2 5.10 ×10−4 1.26 ×10−3
U IF 2 14.915 1.99 ×10−2 1.90 ×10−2 1.71 ×10−3 1.32 ×10−3 1.71 ×10−3
IF 1 14.965 1.80 ×10−2 5.67 ×10−3 5.67 ×10−3
K IF 2 22.435 1.42 ×10−2 1.55 ×10−2 4.07 ×10−3 1.86 ×10−3 4.07 ×10−3
IF 1 22.485 1.68 ×10−2 4.89 ×10−3 4.89 ×10−3
Q IF 1 43.315 4.54 ×10−2 6.57 ×10−2 1.45 ×10−2 2.87 ×10−2 2.87 ×10−2
IF 2 43.365 8.61 ×10−2 1.27 ×10−2 2.87 ×10−2
Image D
Table B.10: Fractional linear polarization for PKS 1830-211.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 8.71 ×10−2 8.67 ×10−2 4.20 ×10−3 4.57 ×10−4 4.20 ×10−3
IF 1 4.885 8.64 ×10−2 4.45 ×10−3 4.45 ×10−3
X IF 1 8.435 5.43 ×10−2 5.19 ×10−2 5.88 ×10−3 3.40 ×10−3 5.88 ×10−3
IF 2 8.485 4.94 ×10−2 6.68 ×10−3 6.68 ×10−3
U IF 2 14.915 5.50 ×10−2 1.01 ×10−1 3.61 ×10−2 6.53 ×10−2 6.53 ×10−2
IF 1 14.965 1.47 ×10−1 3.80 ×10−2 6.53 ×10−2
K IF 2 22.435 1.20 ×10−1 1.26 ×10−1 9.22 ×10−2 8.68 ×10−3 9.22 ×10−2
IF 1 22.485 1.32 ×10−1 5.88 ×10−2 5.88 ×10−2
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 8.94 ×10−2 8.94 ×10−2 1.25 ×10−3 8.49 ×10−6 1.25 ×10−3
IF 1 4.885 8.94 ×10−2 1.66 ×10−3 1.66 ×10−3
X IF 1 8.435 5.70 ×10−2 5.62 ×10−2 1.82 ×10−3 1.05 ×10−3 1.82 ×10−3
IF 2 8.485 5.55 ×10−2 2.42 ×10−3 2.42 ×10−3
U IF 2 14.915 9.28 ×10−2 1.01 ×10−1 1.62 ×10−2 1.15 ×10−2 1.62 ×10−2
IF 1 14.965 1.09 ×10−1 2.00 ×10−2 2.00 ×10−2
K IF 2 22.435 8.04 ×10−2 1.12 ×10−1 1.21 ×10−1 4.44 ×10−2 1.21 ×10−1
IF 1 22.485 1.43 ×10−1 1.10 ×10−1 1.10 ×10−1
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.46 ×10−1 1.46 ×10−1 4.66 ×10−4 9.87 ×10−4 9.87 ×10−4
IF 1 4.885 1.47 ×10−1 5.30 ×10−4 9.87 ×10−4
X IF 1 8.435 1.72 ×10−1 1.73 ×10−1 3.35 ×10−4 5.18 ×10−4 5.18 ×10−4
IF 2 8.485 1.73 ×10−1 4.96 ×10−4 5.18 ×10−4
U IF 2 14.915 1.88 ×10−1 1.84 ×10−1 2.36 ×10−3 4.93 ×10−3 4.93 ×10−3
IF 1 14.965 1.81 ×10−1 2.71 ×10−3 4.93 ×10−3
K IF 2 22.435 2.07 ×10−1 1.82 ×10−1 7.13 ×10−2 3.50 ×10−2 7.13 ×10−2
IF 1 22.485 1.57 ×10−1 7.05 ×10−2 7.05 ×10−2
Image C1
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.46 ×10−1 1.46 ×10−1 4.66 ×10−4 9.87 ×10−4 9.87 ×10−4
IF 1 4.885 1.47 ×10−1 5.30 ×10−4 9.87 ×10−4
X IF 1 8.435 1.72 ×10−1 1.73 ×10−1 3.35 ×10−4 5.18 ×10−4 5.18 ×10−4
IF 2 8.485 1.73 ×10−1 4.96 ×10−4 5.18 ×10−4
U IF 2 14.915 1.88 ×10−1 1.84 ×10−1 2.36 ×10−3 4.93 ×10−3 4.93 ×10−3
IF 1 14.965 1.81 ×10−1 2.71 ×10−3 4.93 ×10−3
K IF 2 22.435 2.11 ×10−1 1.97 ×10−1 9.52 ×10−3 1.96 ×10−2 1.96 ×10−2
IF 1 22.485 1.83 ×10−1 9.24 ×10−3 1.96 ×10−2
Image C2
Table B.11: Fractional linear polarization for B1938+666.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 1.17 ×10−3 1.88 ×10−3 3.67 ×10−3 9.98 ×10−4 3.67 ×10−3
IF 1 1.465 2.58 ×10−3 5.51 ×10−3 5.51 ×10−3
C IF 2 4.835 5.95 ×10−3 6.39 ×10−3 5.65 ×10−3 6.25 ×10−4 5.65 ×10−3
IF 1 4.885 6.84 ×10−3 5.74 ×10−3 5.74 ×10−3
X IF 1 8.435 2.40 ×10−2 2.16 ×10−2 1.07 ×10−2 3.47 ×10−3 1.07 ×10−2
IF 2 8.485 1.91 ×10−2 9.33 ×10−3 9.33 ×10−3
U IF 2 14.915 3.26 ×10−2 5.72 ×10−2 5.20 ×10−2 3.48 ×10−2 5.20 ×10−2
IF 1 14.965 8.19 ×10−2 4.63 ×10−2 4.63 ×10−2
K IF 2 22.435 8.68 ×10−2 1.13 ×10−1 3.86 ×10−1 3.73 ×10−2 3.86 ×10−1
IF 1 22.485 1.40 ×10−1 4.23 ×10−1 4.23 ×10−1
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 6.03 ×10−4 7.85 ×10−4 1.98 ×10−3 2.57 ×10−4 1.98 ×10−3
IF 1 1.465 9.67 ×10−4 1.89 ×10−3 1.89 ×10−3
C IF 2 4.835 7.95 ×10−3 7.40 ×10−3 4.18 ×10−3 7.76 ×10−4 4.18 ×10−3
IF 1 4.885 6.85 ×10−3 3.58 ×10−3 3.58 ×10−3
X IF 1 8.435 1.62 ×10−2 1.26 ×10−2 5.07 ×10−3 5.17 ×10−3 5.17 ×10−3
IF 2 8.485 8.92 ×10−3 6.62 ×10−3 6.62 ×10−3
U IF 2 14.915 1.57 ×10−1 9.30 ×10−2 4.09 ×10−2 9.03 ×10−2 9.03 ×10−2
IF 1 14.965 2.92 ×10−2 4.19 ×10−2 9.03 ×10−2
K IF 2 22.435 2.19 ×10−1 1.15 ×10−1 2.68 ×10−1 1.47 ×10−1 2.68 ×10−1
IF 1 22.485 1.12 ×10−2 1.64 ×10−1 1.64 ×10−1
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 9.10 ×10−4 7.01 ×10−4 1.50 ×10−3 2.96 ×10−4 1.50 ×10−3
IF 1 1.465 4.92 ×10−4 1.23 ×10−3 1.23 ×10−3
C IF 2 4.835 1.03 ×10−3 2.09 ×10−3 1.43 ×10−3 1.49 ×10−3 1.49 ×10−3
IF 1 4.885 3.14 ×10−3 1.42 ×10−3 1.49 ×10−3
X IF 1 8.435 3.64 ×10−3 3.03 ×10−3 1.86 ×10−3 8.64 ×10−4 1.86 ×10−3
IF 2 8.485 2.42 ×10−3 2.11 ×10−3 2.11 ×10−3
U IF 2 14.915 9.00 ×10−3 1.13 ×10−2 1.34 ×10−2 3.27 ×10−3 1.34 ×10−2
IF 1 14.965 1.36 ×10−2 1.08 ×10−2 1.08 ×10−2
K IF 2 22.435 1.66 ×10−2 4.25 ×10−2 1.49 ×10−2 3.66 ×10−2 3.66 ×10−2
IF 1 22.485 6.83 ×10−2 1.14 ×10−2 3.66 ×10−2
Image C
Table B.12: Fractional linear polarization for MG 2016+112.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 1.25 ×10−3 9.15 ×10−4 1.17 ×10−4 4.71 ×10−4 4.71 ×10−4
IF 1 1.465 5.82 ×10−4 1.58 ×10−4 4.71 ×10−4
C IF 2 4.835 1.78 ×10−3 1.37 ×10−3 3.15 ×10−4 5.76 ×10−4 5.76 ×10−4
IF 1 4.885 9.63 ×10−4 3.28 ×10−4 5.76 ×10−4
X IF 1 8.435 4.02 ×10−3 4.27 ×10−3 5.09 ×10−4 3.45 ×10−4 5.09 ×10−4
IF 2 8.485 4.51 ×10−3 5.56 ×10−4 5.56 ×10−4
U IF 2 14.915 4.43 ×10−3 2.60 ×10−3 1.59 ×10−3 2.58 ×10−3 2.58 ×10−3
IF 1 14.965 7.79 ×10−4 1.83 ×10−3 2.58 ×10−3
K IF 2 22.435 2.73 ×10−3 2.92 ×10−3 6.08 ×10−3 2.66 ×10−4 6.08 ×10−3
IF 1 22.485 3.11 ×10−3 4.47 ×10−3 4.47 ×10−3
Image A1
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 1.25 ×10−3 9.15 ×10−4 1.17 ×10−4 4.71 ×10−4 4.71 ×10−4
IF 1 1.465 5.82 ×10−4 1.58 ×10−4 4.71 ×10−4
C IF 2 4.835 1.68 ×10−3 1.53 ×10−3 3.13 ×10−4 2.04 ×10−4 3.13 ×10−4
IF 1 4.885 1.39 ×10−3 3.77 ×10−4 3.77 ×10−4
X IF 1 8.435 4.06 ×10−3 4.07 ×10−3 4.73 ×10−4 2.76 ×10−5 4.73 ×10−4
IF 2 8.485 4.09 ×10−3 5.15 ×10−4 5.15 ×10−4
U IF 2 14.915 3.57 ×10−3 3.00 ×10−3 1.47 ×10−3 8.00 ×10−4 1.47 ×10−3
IF 1 14.965 2.44 ×10−3 1.53 ×10−3 1.53 ×10−3
K IF 2 22.435 4.04 ×10−3 2.88 ×10−3 6.97 ×10−3 1.64 ×10−3 6.97 ×10−3
IF 1 22.485 1.72 ×10−3 6.18 ×10−3 6.18 ×10−3
Image A2
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 1.82 ×10−3 1.33 ×10−3 6.19 ×10−4 6.88 ×10−4 6.88 ×10−4
IF 1 1.465 8.47 ×10−4 7.92 ×10−4 7.92 ×10−4
C IF 2 4.835 2.48 ×10−3 1.99 ×10−3 7.24 ×10−4 6.95 ×10−4 7.24 ×10−4
IF 1 4.885 1.50 ×10−3 6.88 ×10−4 6.95 ×10−4
X IF 1 8.435 3.44 ×10−3 3.50 ×10−3 1.12 ×10−3 8.84 ×10−5 1.12 ×10−3
IF 2 8.485 3.56 ×10−3 1.35 ×10−3 1.35 ×10−3
U IF 2 14.915 5.86 ×10−3 6.58 ×10−3 3.87 ×10−3 1.01 ×10−3 3.87 ×10−3
IF 1 14.965 7.30 ×10−3 3.93 ×10−3 3.93 ×10−3
K IF 2 22.435 1.03 ×10−2 1.05 ×10−2 1.30 ×10−2 3.51 ×10−4 1.30 ×10−2
IF 1 22.485 1.08 ×10−2 1.16 ×10−2 1.16 ×10−2
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 1.30 ×10−3 9.32 ×10−4 7.44 ×10−4 5.19 ×10−4 7.44 ×10−4
IF 1 1.465 5.65 ×10−4 7.86 ×10−4 7.86 ×10−4
C IF 2 4.835 1.32 ×10−3 3.34 ×10−3 2.07 ×10−3 2.86 ×10−3 2.86 ×10−3
IF 1 4.885 5.36 ×10−3 1.80 ×10−3 2.86 ×10−3
X IF 1 8.435 5.66 ×10−4 1.93 ×10−3 4.83 ×10−3 1.93 ×10−3 4.83 ×10−3
IF 2 8.485 3.30 ×10−3 4.15 ×10−3 4.15 ×10−3
U IF 2 14.915 1.56 ×10−2 1.07 ×10−2 1.90 ×10−2 6.93 ×10−3 1.90 ×10−2
IF 1 14.965 5.82 ×10−3 1.65 ×10−2 1.65 ×10−2
K IF 2 22.435 3.42 ×10−2 5.50 ×10−2 1.03 ×10−1 2.94 ×10−2 1.03 ×10−1
IF 1 22.485 7.58 ×10−2 7.70 ×10−2 7.70 ×10−2
Image C
Table B.13: Fractional linear polarization for MG 0414+0534.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1 8.435 3.99 ×10−2 4.00 ×10−2 6.00 ×10−5 1.18 ×10−4 1.18 ×10−4
IF 2 8.485 4.01 ×10−2 4.81 ×10−5 1.18 ×10−4
U IF 2 14.915 7.39 ×10−2 7.40 ×10−2 1.70 ×10−4 1.35 ×10−4 1.70 ×10−4
IF 1 14.965 7.41 ×10−2 1.49 ×10−4 1.49 ×10−4
K IF 2 22.435 8.95 ×10−2 8.97 ×10−2 1.28 ×10−4 2.73 ×10−4 2.73 ×10−4
IF 1 22.485 8.99 ×10−2 1.81 ×10−4 2.73 ×10−4
Q IF 1 43.315 1.01 ×10−1 9.83 ×10−2 2.25 ×10−4 3.23 ×10−3 3.23 ×10−3
IF 2 43.365 9.61 ×10−2 2.62 ×10−4 3.23 ×10−3
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
X IF 1 8.435 2.67 ×10−2 2.70 ×10−2 4.03 ×10−4 4.13 ×10−4 4.13 ×10−4
IF 2 8.485 2.73 ×10−2 3.45 ×10−4 4.13 ×10−4
U IF 2 14.915 7.79 ×10−2 7.72 ×10−2 1.10 ×10−3 9.28 ×10−4 1.10 ×10−3
IF 1 14.965 7.66 ×10−2 9.77 ×10−4 9.77 ×10−4
K IF 2 22.435 8.80 ×10−2 8.51 ×10−2 5.42 ×10−3 4.18 ×10−3 5.42 ×10−3
IF 1 22.485 8.21 ×10−2 3.99 ×10−3 4.18 ×10−3
Q IF 1 43.315 1.01 ×10−1 9.50 ×10−2 9.22 ×10−3 8.85 ×10−3 9.22 ×10−3
IF 2 43.365 8.88 ×10−2 8.12 ×10−3 8.85 ×10−3
Image B
Table B.14: Fractional linear polarization for B0218+357.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 3.94 ×10−2 4.05 ×10−2 1.47 ×10−3 1.53 ×10−3 1.53 ×10−3
IF 1 1.465 4.16 ×10−2 1.55 ×10−3 1.55 ×10−3
C IF 2 4.835 7.48 ×10−2 7.58 ×10−2 2.63 ×10−3 1.43 ×10−3 2.63 ×10−3
IF 1 4.885 7.69 ×10−2 2.46 ×10−3 2.46 ×10−3
X IF 1 8.435 6.93 ×10−2 6.61 ×10−2 2.03 ×10−3 4.64 ×10−3 4.64 ×10−3
IF 2 8.485 6.28 ×10−2 1.87 ×10−3 4.64 ×10−3
U IF 2 14.915 4.17 ×10−2 3.69 ×10−2 2.33 ×10−2 6.83 ×10−3 2.33 ×10−2
IF 1 14.965 3.20 ×10−2 1.99 ×10−2 1.99 ×10−2
K IF 2 22.435 1.65 ×10−2 4.51 ×10−2 6.17 ×10−2 4.05 ×10−2 6.17 ×10−2
IF 1 22.485 7.38 ×10−2 5.00 ×10−2 5.00 ×10−2
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 4.92 ×10−2 5.05 ×10−2 1.82 ×10−3 1.83 ×10−3 1.83 ×10−3
IF 1 1.465 5.18 ×10−2 2.09 ×10−3 2.09 ×10−3
C IF 2 4.835 6.58 ×10−2 6.55 ×10−2 2.33 ×10−3 4.94 ×10−4 2.33 ×10−3
IF 1 4.885 6.51 ×10−2 2.23 ×10−3 2.23 ×10−3
X IF 1 8.435 5.93 ×10−2 5.83 ×10−2 5.84 ×10−3 1.47 ×10−3 5.84 ×10−3
IF 2 8.485 5.73 ×10−2 4.80 ×10−3 4.80 ×10−3
U IF 2 14.915 3.74 ×10−2 4.43 ×10−2 7.24 ×10−2 9.73 ×10−3 7.24 ×10−2
IF 1 14.965 5.12 ×10−2 5.05 ×10−2 5.05 ×10−2
K IF 2 22.435 9.18 ×10−3 8.82 ×10−2 1.97 ×10−1 1.12 ×10−1 1.97 ×10−1
IF 1 22.485 1.67 ×10−1 2.37 ×10−1 2.37 ×10−1
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 3.68 ×10−2 3.54 ×10−2 4.96 ×10−4 1.92 ×10−3 1.92 ×10−3
IF 1 1.465 3.40 ×10−2 5.29 ×10−4 1.92 ×10−3
C IF 2 4.835 5.09 ×10−2 4.91 ×10−2 9.95 ×10−4 2.51 ×10−3 2.51 ×10−3
IF 1 4.885 4.73 ×10−2 9.12 ×10−4 2.51 ×10−3
X IF 1 8.435 9.47 ×10−2 9.62 ×10−2 2.35 ×10−3 2.07 ×10−3 2.35 ×10−3
IF 2 8.485 9.77 ×10−2 1.96 ×10−3 2.07 ×10−3
Image C
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 3.31 ×10−2 3.77 ×10−2 6.58 ×10−4 6.52 ×10−3 6.52 ×10−3
IF 1 1.465 4.23 ×10−2 6.30 ×10−4 6.52 ×10−3
C IF 2 4.835 1.65 ×10−1 1.67 ×10−1 2.89 ×10−3 1.48 ×10−3 2.89 ×10−3
IF 1 4.885 1.68 ×10−1 4.96 ×10−3 4.96 ×10−3
X IF 1 8.435 1.40 ×10−1 1.34 ×10−1 6.72 ×10−3 8.35 ×10−3 8.35 ×10−3
IF 2 8.485 1.29 ×10−1 5.40 ×10−3 8.35 ×10−3
Image D
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
L IF 2 1.385 2.28 ×10−2 3.30 ×10−2 2.95 ×10−3 1.44 ×10−2 1.44 ×10−2
IF 1 1.465 4.32 ×10−2 3.18 ×10−3 1.44 ×10−2
C IF 2 4.835 4.19 ×10−2 4.67 ×10−2 1.69 ×10−2 6.81 ×10−3 1.69 ×10−2
IF 1 4.885 5.15 ×10−2 1.34 ×10−2 1.34 ×10−2
Image E
Table B.15: Fractional linear polarization for Q0957+561.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 6.07×10−3 6.15×10−3 3.99×10−4 1.23×10−4 3.99×10−4
IF 1 4.885 6.24×10−3 3.63×10−4 3.63×10−4
X IF 1 8.435 1.23×10−2 1.25×10−2 6.06×10−4 3.04×10−4 6.06×10−4
IF 2 8.485 1.27×10−2 5.99×10−4 5.99×10−4
U IF 2 14.915 1.38×10−2 1.30×10−2 2.75×10−3 1.16×10−3 2.75×10−3
IF 1 14.965 1.22×10−2 2.20×10−3 2.20×10−3
K IF 2 22.435 1.69×10−2 2.04×10−2 3.16×10−3 4.89×10−3 4.89×10−3
IF 1 22.485 2.38×10−2 2.75×10−3 4.89×10−3
Q IF 1 43.315 4.17×10−3 7.75×10−3 6.27×10−2 5.06×10−3 6.27×10−2
IF 2 43.365 1.13×10−2 1.85×10−2 1.85×10−2
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 3.19×10−3 3.46×10−3 4.64×10−4 3.77×10−4 4.64×10−4
IF 1 4.885 3.72×10−3 3.96×10−4 3.96×10−4
X IF 1 8.435 9.52×10−3 9.94×10−3 4.03×10−4 5.90×10−4 5.90×10−4
IF 2 8.485 1.04×10−2 4.60×10−4 5.90×10−4
U IF 2 14.915 2.59×10−2 2.42×10−2 3.62×10−3 2.30×10−3 3.62×10−3
IF 1 14.965 2.26×10−2 2.67×10−3 2.67×10−3
K IF 2 22.435 1.78×10−2 1.90×10−2 7.79×10−3 1.60×10−3 7.79×10−3
IF 1 22.485 2.01×10−2 6.51×10−3 6.51×10−3
Q IF 1 43.315 4.33×10−2 3.42×10−2 1.22×10−2 1.29×10−2 1.29×10−2
IF 2 43.365 2.51×10−2 1.84×10−2 1.84×10−2
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 4.95×10−3 5.87×10−3 9.11×10−4 1.31×10−3 1.31×10−3
IF 1 4.885 6.79×10−3 7.78×10−4 1.31×10−3
X IF 1 8.435 1.29×10−2 1.31×10−2 8.70×10−4 2.57×10−4 8.70×10−4
IF 2 8.485 1.33×10−2 8.04×10−4 8.04×10−4
U IF 2 14.915 1.99×10−2 1.71×10−2 7.73×10−3 3.92×10−3 7.73×10−3
IF 1 14.965 1.44×10−2 5.32×10−3 5.32×10−3
K IF 2 22.435 1.43×10−2 1.34×10−2 1.56×10−2 1.16×10−3 1.56×10−2
IF 1 22.485 1.26×10−2 1.33×10−2 1.33×10−2
Q IF 1 43.315 1.84×10−2 3.90×10−2 3.77×10−2 2.92×10−2 3.77×10−2
IF 2 43.365 5.96×10−2 5.30×10−2 5.30×10−2
Image C
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.75×10−2 1.12×10−2 2.07×10−2 8.86×10−3 2.07×10−2
IF 1 4.885 4.96×10−3 1.85×10−2 1.85×10−2
X IF 1 8.435 1.91×10−2 2.39×10−2 2.05×10−2 6.83×10−3 2.05×10−2
IF 2 8.485 2.87×10−2 1.93×10−2 1.93×10−2
U IF 2 14.915 1.40×10−1 1.55×10−1 1.25×10−1 2.17×10−2 1.25×10−1
IF 1 14.965 1.71×10−1 1.48×10−1 1.48×10−1
K IF 2 22.435 1.10×10−1 1.64×10−1 4.52×10−1 7.74×10−2 4.52×10−1
IF 1 22.485 2.19×10−1 4.20×10−1 4.20×10−1
Image D
Table B.16: Fractional linear polarization for B1422+231.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 5.42 ×10−2 5.28 ×10−2 4.67 ×10−3 1.97 ×10−3 4.67 ×10−3
IF 1 4.885 5.14 ×10−2 4.31 ×10−3 4.31 ×10−3
X IF 1 8.435 4.05 ×10−2 3.70 ×10−2 3.47 ×10−3 4.97 ×10−3 4.97 ×10−3
IF 2 8.485 3.35 ×10−2 3.48 ×10−3 4.97 ×10−3
U IF 2 14.915 2.82 ×10−2 3.91 ×10−2 1.39 ×10−2 1.54 ×10−2 1.54 ×10−2
IF 1 14.965 5.00 ×10−2 1.37 ×10−2 1.54 ×10−2
K IF 2 22.435 1.21 ×10−2 1.10 ×10−2 1.74 ×10−2 1.66 ×10−3 1.74 ×10−2
IF 1 22.485 9.80 ×10−3 1.68 ×10−2 1.68 ×10−2
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 5.53 ×10−2 5.77 ×10−2 4.24 ×10−3 3.33 ×10−3 4.24 ×10−3
IF 1 4.885 6.01 ×10−2 3.80 ×10−3 3.80 ×10−3
X IF 1 8.435 4.01 ×10−2 3.79 ×10−2 3.75 ×10−3 3.08 ×10−3 3.75 ×10−3
IF 2 8.485 3.57 ×10−2 5.20 ×10−3 5.20 ×10−3
U IF 2 14.915 6.49 ×10−2 4.48 ×10−2 1.38 ×10−2 2.84 ×10−2 2.84 ×10−2
IF 1 14.965 2.48 ×10−2 1.77 ×10−2 2.84 ×10−2
K IF 2 22.435 4.47 ×10−2 3.64 ×10−2 9.80 ×10−3 1.17 ×10−2 1.17 ×10−2
IF 1 22.485 2.82 ×10−2 9.10 ×10−3 1.17 ×10−2
Image B
Table B.17: Fractional linear polarization for B1600+434.
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Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 4.03 ×10−3 3.18 ×10−3 4.18 ×10−3 1.20 ×10−3 4.18 ×10−3
IF 1 4.885 2.33 ×10−3 4.42 ×10−3 4.42 ×10−3
X IF 1 8.435 1.05 ×10−2 6.72 ×10−3 3.23 ×10−3 5.32 ×10−3 5.32 ×10−3
IF 2 8.485 2.96 ×10−3 4.55 ×10−3 5.32 ×10−3
U IF 2 14.915 1.46 ×10−2 1.67 ×10−2 1.19 ×10−2 3.04 ×10−3 1.19 ×10−2
IF 1 14.965 1.89 ×10−2 1.25 ×10−2 1.25 ×10−2
K IF 2 22.435 7.16 ×10−3 1.21 ×10−2 9.50 ×10−3 7.03 ×10−3 9.50 ×10−3
IF 1 22.485 1.71 ×10−2 9.31 ×10−3 9.31 ×10−3
Q IF 1 43.315 1.94 ×10−2 2.35 ×10−2 1.36 ×10−1 5.80 ×10−3 1.36 ×10−1
IF 2 43.365 2.76 ×10−2 1.96 ×10−1 1.96 ×10−1
Image A
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 9.15 ×10−3 6.09 ×10−3 8.17 ×10−3 4.32 ×10−3 8.17 ×10−3
IF 1 4.885 3.04 ×10−3 7.02 ×10−3 7.02 ×10−3
X IF 1 8.435 3.52 ×10−3 6.32 ×10−3 5.52 ×10−3 3.95 ×10−3 5.52 ×10−3
IF 2 8.485 9.11 ×10−3 8.12 ×10−3 8.12 ×10−3
U IF 2 14.915 1.79 ×10−2 3.64 ×10−2 2.32 ×10−2 2.61 ×10−2 2.61 ×10−2
IF 1 14.965 5.49 ×10−2 2.86 ×10−2 2.86 ×10−2
K IF 2 22.435 1.20 ×10−2 2.12 ×10−2 1.62 ×10−2 1.30 ×10−2 1.62 ×10−2
IF 1 22.485 3.03 ×10−2 1.55 ×10−2 1.55 ×10−2
Image B
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 1.18 ×10−3 7.88 ×10−3 7.40 ×10−3 9.46 ×10−3 9.46 ×10−3
IF 1 4.885 1.46 ×10−2 7.33 ×10−3 9.46 ×10−3
X IF 1 8.435 3.89 ×10−3 7.17 ×10−3 6.90 ×10−3 4.64 ×10−3 6.90 ×10−3
IF 2 8.485 1.04 ×10−2 9.07 ×10−3 9.07 ×10−3
U IF 2 14.915 5.25 ×10−2 5.63 ×10−2 2.38 ×10−2 5.32 ×10−3 2.38 ×10−2
IF 1 14.965 6.00 ×10−2 2.62 ×10−2 2.62 ×10−2
K IF 2 22.435 3.21 ×10−2 2.57 ×10−2 1.79 ×10−2 9.03 ×10−3 1.79 ×10−2
IF 1 22.485 1.93 ×10−2 1.94 ×10−2 1.94 ×10−2
Image C
Frequency IF Frequency Fractional Linear Polarization
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
m mmean σm ǫm max(σm, ǫm)
C IF 2 4.835 6.46 ×10−2 4.89 ×10−2 2.12 ×10−1 2.22 ×10−2 2.12 ×10−1
IF 1 4.885 3.32 ×10−2 1.79 ×10−1 1.79 ×10−1
X IF 1 8.435 1.36 ×10−2 2.27 ×10−2 3.63 ×10−1 1.28 ×10−2 3.63 ×10−1
IF 2 8.485 3.17 ×10−2 3.84 ×10−1 3.84 ×10−1
U IF 2 14.915 8.66 ×10−2 9.01 ×10−2 4.30 ×10−1 5.04 ×10−3 4.30 ×10−1
IF 1 14.965 9.37 ×10−2 3.52 ×10−1 3.52 ×10−1
K IF 2 22.435 3.47 ×10−2 2.20 ×10−2 1.13 1.79 ×10−2 1.13
IF 1 22.485 9.38 ×10−3 1.80 1.80
Image D
Table B.18: Fractional linear polarization for B1608+656.
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B.3 EVPA values for the lensed image components
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 18.5 14.7 2.0 5.3 5.3
IF 1 4.885 10.9 1.8 5.3
X IF 1 8.435 -11.5 -23.1 0.1 16.5 16.5
IF 2 8.485 -34.8 0.2 16.5
U IF 2 14.915 16.6 12.7 0.7 5.5 5.5
IF 1 14.965 8.8 2.5 5.5
K IF 2 22.435 17.0 17.9 1.0 1.3 1.3
IF 1 22.485 18.8 1.0 1.3
Q IF 1 43.315 15.6 19.2 0.8 5.1 5.1
IF 2 43.365 22.7 0.6 5.1
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 0.1 -2.7 0.3 4.0 4.0
IF 1 4.885 -5.6 0.2 4.0
X IF 1 8.435 -52.6 -57.8 1.8 7.4 7.4
IF 2 8.485 -63.0 1.1 7.4
U IF 2 14.915 -50.1 -53.7 0.6 5.1 5.1
IF 1 14.965 -57.3 2.2 5.1
K IF 2 22.435 -29.1 -30.1 2.9 1.4 2.9
IF 1 22.485 -31.1 3.5 3.5
Q IF 1 43.315 66.1 68.5 49.0 3.4 49.0
IF 2 43.365 70.9 13.5 13.5
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 18.5 14.7 2.0 5.3 5.3
IF 1 4.885 10.9 1.8 5.3
X IF 1 8.435 -11.5 -23.1 0.1 16.5 16.5
IF 2 8.485 -34.8 0.2 16.5
U IF 2 14.915 82.1 81.6 3.9 0.6 3.9
IF 1 14.965 81.2 2.2 2.2
K IF 2 22.435 82.8 -2.9 3.5 6.1 6.1
IF 1 22.485 -88.6 3.5 6.1
Q IF 1 43.315 -84.1 -80.2 5.4 5.5 5.5
IF 2 43.365 -76.3 4.2 5.5
Image C
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 0.1 -2.7 0.3 4.0 4.0
IF 1 4.885 -5.6 0.2 4.0
X IF 1 8.435 -52.6 -57.8 1.8 7.4 7.4
IF 2 8.485 -63.0 1.1 7.4
U IF 2 14.915 -61.7 -64.7 2.5 4.2 4.2
IF 1 14.965 -67.7 9.0 9.0
K IF 2 22.435 -67.8 -69.1 8.2 1.7 8.2
IF 1 22.485 -70.3 8.3 8.3
Q IF 1 43.315 -85.0 -87.2 9.1 3.2 9.1
IF 2 43.365 -89.5 4.2 4.2
Image D
Table B.19: EVPA for PKS 1830-211.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 67.4 66.5 1.4 1.2 1.4
IF 1 4.885 65.633 1.471 1.471
X IF 1 8.435 3.2 2.5 3.1 0.9 3.1
IF 2 8.485 1.913 3.866 3.866
U IF 2 14.915 5.5 -11.9 18.8 24.6 24.6
IF 1 14.965 -29.322 7.305 24.650
K IF 2 22.435 -59.0 -20.5 21.8 54.5 54.5
IF 1 22.485 18.058 12.595 54.490
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 68.0 66.7 0.4 1.9 1.9
IF 1 4.885 65.4 0.5 1.9
X IF 1 8.435 2.7 2.5 0.9 0.3 0.9
IF 2 8.485 2.3 1.2 1.2
U IF 2 14.915 -21.8 -19.4 5.0 3.4 5.0
IF 1 14.965 -16.9 5.2 5.2
K IF 2 22.435 -47.3 -21.1 42.3 37.1 42.3
IF 1 22.485 5.2 21.7 37.1
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 71.6 70.3 0.1 1.8 1.8
IF 1 4.885 69.0 0.1 1.8
X IF 1 8.435 1.6 1.5 0.1 0.3 0.3
IF 2 8.485 1.3 0.1 0.3
U IF 2 14.915 -24.1 -22.8 0.4 2.0 2.0
IF 1 14.965 -21.4 0.4 2.0
K IF 2 22.435 -31.1 -31.4 8.8 0.5 8.8
IF 1 22.485 -31.8 12.6 12.6
Image C1
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 71.6 70.3 0.1 1.8 1.8
IF 1 4.885 69.0 0.1 1.8
X IF 1 8.435 1.6 1.5 0.1 0.3 0.3
IF 2 8.485 1.3 0.1 0.3
U IF 2 14.915 -24.1 -22.8 0.4 2.0 2.0
IF 1 14.965 -21.4 0.4 2.0
K IF 2 22.435 -31.2 -29.4 1.1 2.5 2.5
IF 1 22.485 -27.7 1.4 2.5
Image C2
Table B.20: EVPA for B1938+666.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -60.1 -38.6 89.8 30.5 89.8
IF 1 1.465 -17.0 61.0 61.0
C IF 2 4.835 -45.3 10.8 27.2 47.9 47.9
IF 1 4.885 66.9 24.0 47.9
X IF 1 8.435 -0.7 3.2 12.8 5.5 12.8
IF 2 8.485 7.1 14.0 14.0
U IF 2 14.915 -70.3 -73.7 45.6 4.7 45.6
IF 1 14.965 -77.0 16.1 16.1
K IF 2 22.435 3.7 -35.2 127.2 55.0 127.2
IF 1 22.485 -74.1 83.9 83.9
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -1.4 -22.3 94.3 29.5 94.3
IF 1 1.465 -43.2 56.0 56.0
C IF 2 4.835 -40.2 -35.8 15.1 6.3 15.1
IF 1 4.885 -31.3 15.0 15.0
X IF 1 8.435 79.1 21.1 9.0 45.3 45.3
IF 2 8.485 -36.9 21.3 45.3
U IF 2 14.915 57.2 10.9 7.4 61.9 61.9
IF 1 14.965 -35.3 41.0 61.9
K IF 2 22.435 67.2 20.6 33.9 61.3 61.3
IF 1 22.485 -26.1 417.5 417.5
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -47.4 -16.1 47.3 44.2 47.3
IF 1 1.465 15.1 71.7 71.7
C IF 2 4.835 -74.5 -81.2 39.6 9.5 39.6
IF 1 4.885 -88.0 12.9 12.9
X IF 1 8.435 28.1 -24.7 14.7 52.7 52.7
IF 2 8.485 -77.5 24.9 52.7
U IF 2 14.915 -73.8 -74.3 42.5 0.7 42.5
IF 1 14.965 -74.9 22.8 22.8
K IF 2 22.435 -16.2 -44.8 25.7 40.3 40.3
IF 1 22.485 -73.3 4.8 40.3
Image C
Table B.21: EVPA for MG 2016+112.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -31.0 -38.3 2.7 10.3 10.3
IF 1 1.465 -45.6 7.8 10.3
C IF 2 4.835 -23.1 -26.6 5.1 4.9 5.1
IF 1 4.885 -30.1 9.8 9.8
X IF 1 8.435 -31.3 -31.1 3.6 0.4 3.6
IF 2 8.485 -30.8 3.5 3.5
U IF 2 14.915 -45.9 -55.5 10.3 13.6 13.6
IF 1 14.965 -65.1 67.5 67.5
K IF 2 22.435 -18.8 15.5 63.7 48.5 63.7
IF 1 22.485 49.8 41.2 48.5
Image A1
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -31.0 -38.3 2.7 10.3 10.3
IF 1 1.465 -45.6 7.8 10.3
C IF 2 4.835 -18.0 -22.1 5.3 5.8 5.8
IF 1 4.885 -26.2 7.8 7.8
X IF 1 8.435 -30.2 -28.2 3.3 2.9 3.3
IF 2 8.485 -26.2 3.6 3.6
U IF 2 14.915 -48.5 -56.6 11.8 11.5 11.8
IF 1 14.965 -64.8 17.9 17.9
K IF 2 22.435 61.9 25.3 49.4 51.8 51.8
IF 1 22.485 -11.3 102.6 102.6
Image A2
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -24.3 -25.4 9.8 1.5 9.8
IF 1 1.465 -26.4 26.8 26.8
C IF 2 4.835 -29.8 -26.4 8.4 4.8 8.4
IF 1 4.885 -23.0 13.2 13.2
X IF 1 8.435 -29.7 -27.2 9.3 3.5 9.3
IF 2 8.485 -24.8 10.9 10.9
U IF 2 14.915 -60.0 -58.2 18.9 2.6 18.9
IF 1 14.965 -56.3 15.4 15.4
K IF 2 22.435 11.6 28.3 36.1 23.6 36.1
IF 1 22.485 45.0 30.9 30.9
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -18.6 -13.7 16.4 7.0 16.4
IF 1 1.465 -8.7 39.8 39.8
C IF 2 4.835 -87.7 -65.9 44.7 30.8 44.7
IF 1 4.885 -44.1 9.6 30.8
X IF 1 8.435 0.2 35.2 244.3 49.5 244.3
IF 2 8.485 70.2 36.0 49.5
U IF 2 14.915 -68.4 -77.3 34.8 12.6 34.8
IF 1 14.965 -86.2 81.1 81.1
K IF 2 22.435 12.9 45.5 86.6 46.1 86.6
IF 1 22.485 78.1 29.1 46.1
Image C
Table B.22: EVPA for MG 0414+0534.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1 8.435 47.9 47.6 0.0 0.5 0.5
IF 2 8.485 47.2 0.0 0.5
U IF 2 14.915 55.9 56.5 0.1 0.9 0.9
IF 1 14.965 57.1 0.1 0.9
K IF 2 22.435 54.3 54.8 0.0 0.7 0.7
IF 1 22.485 55.3 0.1 0.7
Q IF 1 43.315 59.5 58.8 0.1 1.0 1.0
IF 2 43.365 58.0 0.1 1.0
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
X IF 1 8.435 -89.6 0.0 0.4 0.5 0.5
IF 2 8.485 89.6 0.3 0.5
U IF 2 14.915 66.2 66.5 0.4 0.4 0.4
IF 1 14.965 66.8 0.4 0.4
K IF 2 22.435 54.6 56.2 1.8 2.3 2.3
IF 1 22.485 57.8 1.4 2.3
Q IF 1 43.315 55.0 54.1 2.6 1.3 2.6
IF 2 43.365 53.2 2.6 2.6
Image B
Table B.23: EVPA for B0218+357.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -72.0 -62.6 1.1 13.3 13.3
IF 1 1.465 -53.2 1.0 13.3
C IF 2 4.835 85.3 84.9 1.0 0.6 1.0
IF 1 4.885 84.5 0.9 0.9
X IF 1 8.435 -86.3 -86.3 0.8 0.0 0.8
IF 2 8.485 -86.3 0.8 0.8
U IF 2 14.915 -84.5 -69.0 16.0 22.0 22.0
IF 1 14.965 -53.4 17.8 22.0
K IF 2 22.435 87.7 70.4 107.2 24.4 107.2
IF 1 22.485 53.2 19.3 24.4
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 19.6 44.2 1.0 34.9 34.9
IF 1 1.465 68.9 1.1 34.9
C IF 2 4.835 66.4 67.8 1.0 2.0 2.0
IF 1 4.885 69.3 1.0 2.0
X IF 1 8.435 85.9 87.2 2.8 1.9 2.8
IF 2 8.485 88.6 2.4 2.4
U IF 2 14.915 82.3 4.5 55.4 17.3 55.4
IF 1 14.965 -73.3 28.2 28.2
K IF 2 22.435 -80.5 -55.7 613.2 35.1 613.2
IF 1 22.485 -30.9 40.0 40.0
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 87.2 8.0 0.4 15.3 15.3
IF 1 1.465 -71.2 0.4 15.3
C IF 2 4.835 38.2 37.6 0.6 0.8 0.8
IF 1 4.885 37.0 0.6 0.8
X IF 1 8.435 56.1 55.2 0.7 1.3 1.3
IF 2 8.485 54.4 0.6 1.3
Image C
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -59.5 -56.7 0.6 4.0 4.0
IF 1 1.465 -53.8 0.4 4.0
C IF 2 4.835 -65.9 -65.6 0.5 0.4 0.5
IF 1 4.885 -65.3 0.8 0.8
X IF 1 8.435 -69.7 -70.2 1.3 0.6 1.3
IF 2 8.485 -70.6 1.2 1.2
Image D
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
L IF 2 1.385 -46.6 -48.9 3.7 3.2 3.7
IF 1 1.465 -51.2 2.0 3.2
C IF 2 4.835 81.5 80.2 11.5 1.8 11.5
IF 1 4.885 78.9 7.4 7.4
Image E
Table B.24: EVPA for Q0957+561.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 76.8 76.7 1.9 0.1 1.9
IF 1 4.885 76.6 1.7 1.7
X IF 1 8.435 -33.8 -35.3 1.4 2.1 2.1
IF 2 8.485 -36.8 1.4 2.1
U IF 2 14.915 7.1 8.9 5.7 2.5 5.7
IF 1 14.965 10.7 5.2 5.2
K IF 2 22.435 -8.6 11.5 5.4 28.5 28.5
IF 1 22.485 31.7 3.3 28.5
Q IF 1 43.315 4.6 -39.8 430.1 62.8 430.1
IF 2 43.365 -84.2 46.9 62.8
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 74.4 70.4 4.2 5.6 5.6
IF 1 4.885 66.5 3.0 5.6
X IF 1 8.435 -44.2 -44.5 1.2 0.3 1.2
IF 2 8.485 -44.7 1.3 1.3
U IF 2 14.915 -6.7 -3.2 4.0 4.9 4.9
IF 1 14.965 0.2 3.4 4.9
K IF 2 22.435 17.2 21.5 12.5 6.0 12.5
IF 1 22.485 25.7 9.3 9.3
Q IF 1 43.315 16.2 26.4 8.1 14.5 14.5
IF 2 43.365 36.7 21.0 21.0
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 82.4 77.3 5.3 7.3 7.3
IF 1 4.885 72.2 3.3 7.3
X IF 1 8.435 -33.4 -33.7 1.9 0.5 1.9
IF 2 8.485 -34.0 1.7 1.7
U IF 2 14.915 -7.4 -8.7 11.1 1.7 11.1
IF 1 14.965 -9.9 10.6 10.6
K IF 2 22.435 34.0 -20.7 31.3 49.9 49.9
IF 1 22.485 -75.5 30.3 49.9
Q IF 1 43.315 -74.2 -50.4 58.8 33.6 58.8
IF 2 43.365 -26.6 25.4 33.6
Image C
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 -1.5 18.1 33.9 27.6 33.9
IF 1 4.885 37.6 106.8 106.8
X IF 1 8.435 -12.8 -44.1 30.8 44.3 44.3
IF 2 8.485 -75.4 19.3 44.3
U IF 2 14.915 83.4 6.9 25.3 19.1 25.3
IF 1 14.965 -69.6 24.6 24.6
K IF 2 22.435 68.3 38.9 117.7 41.7 117.7
IF 1 22.485 9.4 52.7 52.7
Image D
Table B.25: EVPA for B1422+231.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 16.6 15.7 2.5 1.3 2.5
IF 1 4.885 14.8 2.4 2.4
X IF 1 8.435 11.8 13.0 2.5 1.7 2.5
IF 2 8.485 14.2 3.0 3.0
U IF 2 14.915 -21.1 -18.1 14.1 4.2 14.1
IF 1 14.965 -15.1 7.8 7.8
K IF 2 22.435 4.0 37.7 40.9 47.7 47.7
IF 1 22.485 71.4 49.1 49.1
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 9.7 8.2 2.2 2.1 2.2
IF 1 4.885 6.6 1.8 2.1
X IF 1 8.435 10.8 8.6 2.7 3.2 3.2
IF 2 8.485 6.3 4.2 4.2
U IF 2 14.915 -4.4 -5.1 6.1 1.0 6.1
IF 1 14.965 -5.8 20.5 20.5
K IF 2 22.435 16.0 5.4 6.3 14.9 14.9
IF 1 22.485 -5.1 9.3 14.9
Image B
Table B.26: EVPA for B1600+434.
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Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 -70.4 9.8 29.7 13.9 29.7
IF 1 4.885 90.0 54.4 54.4
X IF 1 8.435 -14.0 -26.5 8.8 17.7 17.7
IF 2 8.485 -39.0 44.1 44.1
U IF 2 14.915 33.1 8.7 23.4 34.5 34.5
IF 1 14.965 -15.7 19.0 34.5
K IF 2 22.435 37.7 36.8 38.0 1.2 38.0
IF 1 22.485 36.0 15.6 15.6
Q IF 1 43.315 34.3 0.7 199.7 47.5 199.7
IF 2 43.365 -32.8 202.2 202.2
Image A
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 45.9 13.9 25.6 45.3 45.3
IF 1 4.885 -18.2 66.2 66.2
X IF 1 8.435 -22.7 5.8 44.9 40.3 44.9
IF 2 8.485 34.3 25.5 40.3
U IF 2 14.915 34.9 49.9 37.0 21.2 37.0
IF 1 14.965 64.9 14.9 21.2
K IF 2 22.435 -1.5 -43.2 38.5 58.9 58.9
IF 1 22.485 -84.8 14.6 58.9
Image B
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 -47.1 -28.8 178.8 25.9 178.8
IF 1 4.885 -10.5 14.4 25.9
X IF 1 8.435 -18.1 -36.1 50.9 25.4 50.9
IF 2 8.485 -54.1 24.9 25.4
U IF 2 14.915 44.9 28.5 13.0 23.1 23.1
IF 1 14.965 12.2 12.5 23.1
K IF 2 22.435 -33.3 -3.2 16.0 42.6 42.6
IF 1 22.485 26.9 28.8 42.6
Image C
Frequency IF Frequency EVPA (in degrees)
Band (in GHz) Measured Mean Error Inter-IF Error Uncertainty
χ χmean σχ ǫχ max(σχ, ǫχ)
C IF 2 4.835 -3.1 42.0 91.9 63.5 91.9
IF 1 4.885 87.2 151.8 151.8
X IF 1 8.435 -73.2 -2.9 766.5 27.9 766.5
IF 2 8.485 67.4 346.5 346.5
U IF 2 14.915 61.6 35.1 141.7 37.5 141.7
IF 1 14.965 8.6 106.7 106.7
K IF 2 22.435 36.4 60.2 931.5 33.6 931.5
IF 1 22.485 83.9 5501.9 5501.9
Image D
Table B.27: EVPA for B1608+656.
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B.4 Plots for rotation measure determination using
the RM-synthesis followed by RM-CLEAN
procedure
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Figure B.1: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for PKS 1830-211. See caption of Figure 4.65 for more details.
305
−1 −0.5 0 0.5 1
x 104
5
10
15
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
5
10
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
0.5
1
1.5
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
100
200
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
5
10
15
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
5
10
15
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 430 rad/m2
−1 −0.5 0 0.5 1
x 104
10
20
30
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
10
20
30
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
1
2
3
4
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
200
400
600
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
10
20
30
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
10
20
30
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 460 rad/m2
Image A Image B
−1 −0.5 0 0.5 1
x 104
900
920
940
960
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
200
400
600
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
90
92
94
96
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
2000
4000
6000
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
500
1000
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
500
1000
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 470 rad/m2
−1 −0.5 0 0.5 1
x 104
850
900
950
1000
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
200
400
600
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
85
90
95
100
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
2000
4000
6000
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
500
1000
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
500
1000
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 480 rad/m2
Image C1 Image C2
Figure B.2: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for B1938+666. See caption of Figure 4.65 for more details.
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Figure B.3: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for MG 2016+112. See caption of Figure 4.65 for more details.
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Figure B.4: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for MG 0414+0534. See caption of Figure 4.65 for more details.
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Figure B.5: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for B0218+357. See caption of Figure 4.65 for more details.
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Figure B.6: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for Q0957+561. See caption of Figure 4.65 for more details.
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Figure B.7: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for B1422+231. See caption of Figure 4.65 for more details.
311
−1 −0.5 0 0.5 1
x 104
0
2
4
6
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
0.5
1
1.5
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
0.2
0.3
0.4
0.5
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
50
100
150
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
1
2
3
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
2
4
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 160 rad/m2
Image A
−1 −0.5 0 0.5 1
x 104
0
2
4
6
RM (in radians/m2)
|Di
rty
 M
ap
|
−1 −0.5 0 0.5 1
x 104
0
1
2
RM (in radians/m2)
Cl
ea
n 
Co
m
po
ne
nt
s
−1 −0.5 0 0.5 1
x 104
0.2
0.3
0.4
0.5
RM (in radians/m2)
|Re
sid
ua
l N
ois
e|
−1 −0.5 0 0.5 1
x 104
0
50
100
RM (in radians/m2)|
Dir
ty 
Be
am
|, C
lea
n B
ea
m
−1 −0.5 0 0.5 1
x 104
0
2
4
RM (in radians/m2)(C
lea
n C
om
ps
)*(
Cl
ea
n B
ea
m)
−1 −0.5 0 0.5 1
x 104
0
2
4
RM (in radians/m2)
Fi
na
l C
le
an
 M
ap
RM = 50 rad/m2
Image B
Figure B.8: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for B1600+434. See caption of Figure 4.65 for more details.
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Figure B.9: Rotation measure determination using the RM-synthesis followed by RM-
CLEAN procedure for B1608+656. See caption of Figure 4.65 for more details.
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B.5 Plots for rotation measure determination using
the weighted least-squares method
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Figure B.10: Rotation measure determination using the weighted least-squares method for
PKS 1830-211. See caption of Figure 4.66 for more details.
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Figure B.11: Rotation measure determination using the weighted least-squares method for
B1938+666. See caption of Figure 4.66 for more details.
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Figure B.12: Rotation measure determination using the weighted least-squares method for
MG 2016+112. See caption of Figure 4.66 for more details.
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Figure B.13: Rotation measure determination using the weighted least-squares method for
MG 0414+0534. See caption of Figure 4.66 for more details.
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Figure B.14: Rotation measure determination using the weighted least-squares method for
B0218+357. See caption of Figure 4.66 for more details.
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Figure B.15: Rotation measure determination using the weighted least-squares method for
Q0957+561. See caption of Figure 4.66 for more details.
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Figure B.16: Rotation measure determination using the weighted least-squares method for
B1422+231. See caption of Figure 4.66 for more details.
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Figure B.17: Rotation measure determination using the weighted least-squares method for
B1600+434. See caption of Figure 4.66 for more details.
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Figure B.18: Rotation measure determination using the weighted least-squares method for
B1608+656. See caption of Figure 4.66 for more details.
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B.6 Plots for rotation measure determination using
the weighted least-squares method at frequencies
with no anticipated nπ ambiguity
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Figure B.19: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for PKS 1830-211. See caption of Figure 4.67
for more details.
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Figure B.20: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for B1938+666. See caption of Figure 4.67 for
more details.
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Figure B.21: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for MG 2016+112. See caption of Figure 4.67
for more details.
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Figure B.22: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for MG 0414+0534. See caption of Figure 4.67
for more details.
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Figure B.23: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for B0218+357. See caption of Figure 4.67 for
more details.
327
0 0.5 1 1.5 2 2.5 3 3.5 4
x 10−3
−0.5
0
0.5
1
1.5
2
2.5
3
3.5
λ2 (in radians/m2)
EV
PA
 (in
 ra
dia
ns
)
RM = −60
0 0.5 1 1.5 2 2.5 3 3.5 4
x 10−3
−10
−5
0
5
10
15
λ2 (in radians/m2)
EV
PA
 (in
 ra
dia
ns
)
RM = −136
Image A Image B
1 1.5 2 2.5 3 3.5 4
x 10−3
0.65
0.7
0.75
0.8
0.85
0.9
0.95
1
1.05
λ2 (in radians/m2)
EV
PA
 (in
 ra
dia
ns
)
RM = −120
1 1.5 2 2.5 3 3.5 4
x 10−3
−1.26
−1.24
−1.22
−1.2
−1.18
−1.16
−1.14
−1.12
λ2 (in radians/m2)
EV
PA
 (in
 ra
dia
ns
)
RM = 30
Image C Image D
3.77 3.78 3.79 3.8 3.81 3.82 3.83 3.84 3.85 3.86
x 10−3
1.25
1.3
1.35
1.4
1.45
1.5
1.55
1.6
1.65
λ2 (in radians/m2)
EV
PA
 (in
 ra
dia
ns
)
RM = 569
Image E
Figure B.24: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for Q0957+561. See caption of Figure 4.67 for
more details.
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Figure B.25: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for B1422+231. See caption of Figure 4.67 for
more details.
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Figure B.26: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for B1600+434. See caption of Figure 4.67 for
more details.
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Figure B.27: Rotation measure determination using the weighted least-squares method at
frequencies with no anticipated nπ ambiguity for B1608+656. See caption of Figure 4.67 for
more details.
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